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FOREWORD 
This report and the final summary report describe the 
analytical and experimental studies conducted by the 
Rocketdyne Division of Rockwell International Corporation 
from June 1972 through November 1974 under contract 
NAS9-12802. 
Laus t en. 
The NASA/JSC Technical Monitor was Merlyn 
ABSTRACT 
An analytical and experimental program was conducted 
from June 1972 through January 1975 to provide informa- 
tion for thrust chamber and propellant selection and 
basic OME operating data. 
analytically for several propellant combinations and 
thrust chamber cooling concepts. 
Parametric data was generated 
Subscale and full scale injector tests were conducted 
to characterize the performance, stability, and heat 
flux of various injector patterns. Electrically heated 
tube, channel, and panel tests were conducted to define 
safety margins under nominal and adverse off-design 
operating conditions for regeneratively cooled thrust 
chambers. 
were designed, fabricated, and tested at simulated 
altitude conditions to provide steady-state and transient 
data at nominal and off-design conditions. 
Two full scale regeneratively cooled chambers 
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INTRODUCTION 
The Space Shuttle Orbit Maneuvering Engine reusable thrust chamber 
investigation was initiated prior to the selection of the OMS propellant 
combination, the thrust chamber cooling technique and the contractors 
for the Space Shuttle Orbiter, the Orbit 
the Orbit Maneuvering Engine (OME). The initial purpose of the contract 
was to provide engine data, with emphasis on the thrust chamber, to the 
potential contractors to assist in evaluating various OMEi configurations 
and selecting the configuration to be used for the OMS. 
Maneuvering System (OMS) and 
Later, when the orbit maneuvering system and engine became more clearly 
defined, the program continued to provide basic technical data in areas 
to support the main stream OMS and OME programs. 
data on performance, stability, and thermal characteristics of an OME 
operating with an alternate injector configuration and with alternate 
propellants. Design, manufacturing, and operating characteristics of 
an electroformed, regeneratively cooled thrust chamber were derived from 
the program tasks. The program also provided, through subscale and full 
scale tests, data relating to off-design and transient operation. The 
program conducted by Rocketdyne under NASA Contract NAS9-12802,.extended 
from June 1972 through January 1975. Efforts along similar lines were 
conducted under Contracts NAS9-12803 and NAS9-13133 by other propulsion 
contractors. 
The program provided 
The work of the following 
ledged: 
N. Bergstreser - stress; W. Nurick - injector; C. Oberg - stability; 
M. Yost, R. Scherer, R. Wood, A. Falk - test; R. Paster, R. Helsel - 
program management. 
personnel at Rocketdyne is gratefully acknow- 
R. Tobin - heat transfer; J. Hillman and W. Bailey - design; 
The cooperation and assistance of the personnel at NASA/WSTF, particularly 
J. Haywood, J. Mathis, and R. Melton is also appreciated. 
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SUMMARY 
The program was conducted i n  t h i r t e e n  tasks .  
t op ica l ly  t o  which t h e  tasks  were addressed as follows. 
The repor t  i s  presented 
Configuration and Propel lant  Select ion 
Task I - Reusable Thrust Chamber Evaluation 
Task  I1 - Alternate  OME Propel lants  
In j ec to r  Evaluation 
Task V I  - Hot Fuel Element Invest igat ion 
Task X I  - OME In j ec to r  
Regenerative Cooling Invest igat ions 
Task  V I 1  - Heat Transfer Testing 
Task  I X  - Adverse Operating Conditions 
Task  X I 1 1  - Subscale I-le Ingestion and 2-D Heat Transfer T e s t  
Demonstration Chamber 
Task I11 
Task I V  - Demonstration Chamber Fabrication 
Task  V - Demonstration Chamber Test 
Task V I 1 1  - Alternate  Propel lant  Demonstration 
- Demonstration Chamber Design 
Integrated Thrust Chamber 
Task X 
Task X I 1  - Integrated Thrust Chamber Test 
- Integrated Thrust Chamber Fabrication 
Comparison of 8- and 10-Inch Diameter Chambers 
Task X - Integrated Thrust Chamber Fabrication 
The schedule of these  tasks  is  shown i n  Fig. 1. 
The Configuration and Propel lant  Se lec t ion  s tud ie s  (Tasks I G 11) were 
d i rec ted  towards supplying engine da t a  t o  NASA and t o  po ten t i a l  o r b i t e r  
and OMS contractors  t o  assist i n  configuration se l ec t ion  and evaluation, 
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The reusable Thrust Chamber Evaluation (Task I), entailed the design 
and analysis of promising reuseable thrust chamber concepts applicable 
to the SS/OME with NTO/MMH and NT0/50-50 propellants in regenerative 
and film cooled thrust chambers. 
engine weights, performance, inlet pressures, envelope, reliability, 
maintainability, and costs. 
evaluations and included the thrust chamber assembly, propellant valve 
and ducts, gimbaling actuator ring, ring, and bearing, and the electrical 
and pneumatic systems. Detailed point designs were generated for each 
thrust chamber and the two propellant combinations. 
was based on perturbing the point designs. The results were published 
in NASA-CR-128675 and NASA-CR-141671. 
Regeneratively cooled engine as the optimum configuration. 
Parametric data was generated describing 
The total engine was considered in these 
The parametric data 
Rocketdyne selected a NTO/MMH 
The Alternate OME Propellant Combinations Study, entailed design and 
analysis of promising reuseable thrust chamber concepts applicable to 
the SS/OME with LOX/Amine and LOX/hydrocarbon propellants. Detailed 
point designs were generated and then perturbed to provide parametric 
data. The propellant combinations considered were LOX/MMH, LOX/50-50, 
LOX/RP-l and LOX/C3H8. Based on these studies, Rocketdyne 
The pro- 
LoX/N2Hi, selecte a LOX/MMH regenerative cooled engine as the most attractive 
alternate configuration relative to the NTO/amine systems. 
pellant and engine selection were approved by NASA/JSC as the baseline 
for the remainder of the program. 
Hot-fire test of subscale injectors were conducted under the Hot Fuel 
Element Investigation (Task VI). Performance, thermal, and stability 
evaluation of like-doublet and triplet element configurations were made 
for injectors designed to be used with a regeneratively cooled thrust 
chamber. 
sensitivity to fuel temperature. The effects of elementary geometry 
and propellant temperature were investigated for like-doublet elements. 
The results of these investigations were used to design a full-scale 
injector. 
The triplet element was rejected because of a performance 
Details of this task are reported in NASA-CR-141677. 
The OME injector investigation (Task XI) comprised three subtasks the 
objectives of which were: 1) to experimentally determine the stability 
of an existing 8-inch diameter injector (L/D #l); 2) to design, fabricate, 
and test a 10-inch diameter injector (L/D #4); 3) to conduct stability 
analyses including review of existing stability data and model testing. 
The results of the test programs with the 8-inch and 10-inch diameter 
injectors are given in NASA-CR-140358 and NASA-CR-141674, respectively. 
The 8-inch configuration was completely stable with 15% area acoustic 
cavity and radial dams in the primary fuel manifold. 
marginal when the acoustic cavity area was reduced to 12% of the chamber 
cross-sectional area. The 10-inch diameter injector was stable with 10% 
area cavities and had a flux sufficiently low to permit operation without 
supplementary boundary layer coolant. However, the performance of this 
injector was low, apparently due to poor mixing efficiency. 
Stability was 
R-9686 
Stability data from this contract as well as from contracts NAS9-12803 and 
NAS9-13133 were reviewed and interpreted. 
highly probable that a coupling between the chamber acoustics and the 
feed system hydraulics, particularly the injector, existed and was 
responsible for instabilities at the frequency noted on all three contracts. 
The cavity model tests provided data to correlate the effective cavity 
depth with physical dimensions of the cavities. The results of the 
stability analysis and model tests were reported in NASA-CR-141676. 
The data implied that it was 
The Heat Transfer Testing (Task VI) comprised a heated tube test program 
to characterize the cooling capability of OME thrust chamber coolants. MMH 
and 50-50 fuels were tested in electrically heated steel tubes to establish 
convective cooling safety factor correlations for steady-state conditions. 
The results of these correlations were used to design the regeneratively 
cooled thrust chambers. 
correlations for both fuels. 
The results indicated fairly similar cooling 
The results of the tests were reported in 
NASA-CR-141672. 
Electrically heated tube experiments were extended in the Adverse Operating 
Conditions Tests (Task IX) to investigate off-design operation of the OME 
thrust chamber and to determine the effects of a symmetrical heating in the 
channel type construction of the OME thrust chamber. Restarts with a hot 
chamber and helium bubble and froth ingestion were investigated. Cooling 
correlations for an electrically heated channel test section were experimentally 
determined and compared well with analytical preductions based on data from 
circular tube experiments. The results of the tests were reported in 
NASA-CR-134282. 
The electrically heated channel tests continued in the Subscale Helium Ingestion 
and Two-Dimensional Heating Tests (Task XIII). The objectives were to 
determine transient and steady-state helium ingestion capabilities of the 
OME thrust chamber using heated single and multiple channels and to verify 
the application of one-dimensional test data to two-dimensional analysis 
of thrust chamber walls. 
the channel burnout heat flux values analytically derived from one-dimensional 
. (heated tube) were valid. 
three-channel test panels. 
of round tubes significantly but had only a slight affect on burnout capability 
of channels. 
simulated by operating the three-channel panel with no flow in the center 
channel. 
with a single channel plugged. It was determined that helium bubble could 
flow through a single channel for several seconds without overheating that 
channel or the adjacent channels. 
The results of this test program indicated that 
This was verified with both single channels and 
Helium froth degraded the heat flux capability 
Helium bubbles of infinite duration and plugged channels were 
Correlations were generated to permit designing a chamber to operate 
The results were reported in NASA-CR-141560. 
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The Demonstrator Thrust Chamber Design effort (Task 111) entailed the 
detailed design of an experimental thrust chamber which would demonstrate 
critical design, fabrication, and operating areas of a regeneratively 
cooled OME reuseable thrust chamber. The chamber was designed with heavy 
weight inlet and outlet manifolds to permit test flexibility and to reduce 
fabrication cost. The results of the design and analysis conducted under 
this task were published in NASA-CR-141673. 
up-pass regenerative cooled design from expansion area ratio of 7 to 
the injector-end. 
distance from the injector to the throat was 14.7 inches. 
boundary layer coolant was introduced by a separate ring between the 
combustion chamber and injector. Coolant passages were machined into a 
CRES liner and the outer wall formed by electroforming nickel over the 
liner. 
a thrust level of 6000 lbs, a chamber pressure of 125 psia, and a pro- 
pellant mixture ratio of 1.65 using NTO and MMH propellants with generous 
safety factors on all of these parameters. 
factor of 1.5 at the most severe off-design conditions was provided. 
The chamber was a single 
The chamber had a contraction ratio of 2 and the 
Supplementary 
The chamber was designed to operate for more than 1000 cycles at 
A regeneratively cooling safety 
In addition to fabricating the chamber described above, a radiation cooled 
coated Columbium nozzle was also fabricated under Task IV. The nozzle 
extended the area ratio from 7 to 9 to match the altitude test facility 
and to provide 
cooled nozzle. 
data for the most critical region of the flight radiation 
The regeneratively cooled demonstrator thrust chamber was tested (Task V) 
at simulated altitude conditions at Rocketdyne and NASA/White Sands Test 
Facilities. 
doublet element patterns. 
propellants over the complete range of anticipated chamber pressure and 
propellant mixture ratio. 
space tug application and low pressure tests to simulate propellant tank 
pressurization system failure were also conducted. 
in NASA-GR-140321. 
The chamber was tested with two injectors using different like- 
Tests were conducted with saturated and unsaturated 
High pressure tests to simulate a potential 
The test program is described 
.In the Alternate Propellant Demonstration Task (Task VI), the testing con- 
tinued with NTO/50-50 propellants. 
characteristics of the demonstration chamber were evaluated over the 
anticipated operating range of chamber pressures and propellant mixture ratios. 
The results of this program were also reported in NASA-CR-140321. 
Performance, thermal, and stability 
The primary objective of the Integrated Thrust Chamber Fabrication Task 
(Task X) was to design and fabricate an 8-inch diameter integrated regeneratively 
cooled thrust chamber which simulates the performance, thermal, and hydrualic 
characteristics of the OME flight configuration. 
of the chamber were similar to the demonstration chamber. 
channel geometry was updated and the injector-end was modified to include 
acoustic cavities and flight type propellant manifolds for integration with 
the injector. The chamber was extensively instrumented to record outside 
The overall dimensions 
However, the 
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w a l l  temperatures and propel lant  temperatures i n  the  manifolds. 
was fabr ica ted  by mi l l ing  channels i n t o  the  CRES l i n e r  and closing them 
with electroformed nickel .  
The chamber 
The in tegra ted  t h r u s t  chamber was t e s t e d  i n  two phases a t  NASA/WSTF (Task XII). 
The first s e r i e s  of tests, reported i n  NASA/CR-134256 was primari ly  or ien ted  
t o  obtain s teady-s ta te  performance da ta  i n  vacuum with a high area r a t i o  
nozzle. The second s e r i e s ,  reported i n  NASA-CR-140250, was conducted t o  
obta in  OME start, shutdown, and restart da ta .  Operation under t h r o t t l e d  
conditions and without boundary layer  cooling was a l s o  demonstrated during 
t h e  second series. 
Thrust chambers with cont rac t ion  r a t i o s  of 2 and 3 were compared ana ly t i ca l ly  
(Task X). The r e s u l t s  indicated the  supe r io r i ty  of  t h e  low-contraction r a t i o  
when t o  minimize OMS i n e r t  weight. 
r e su l t ed  i n  a s l i g h t l y  lower OMS tanked weight. 
i n  NASA-CR-141675. 
The high-contraction r a t i o  chamber 
The r e s u l t s  were reported 
The major hardware fabr ica ted  under t h i s  cont rac t  i s  described i n  Table I. 
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CONCLUSIONS 
The analyses and tests conducted during t h i s  program lead t o  the  general 
conclusion t h a t  a regenerat ively cooled NTO/MMH engine can provide a 
lighweight, s t ab le ,  propulsion system with high performance. Specif ic  
conclusions are bes t  described i n  t h e  order  of t h e  p a r t i c u l a r  study areas. 
The propel lant  and cooling method analyses lead t o  the  conclusion t h a t  
t h e  regenerat ively cooled NTO/MMH engine was t h e  optimum of t h e  various 
candidates s tudied based on considerat ions of performance, weight, 
development r i s k ,  cost ,  sa fe ty ,  maintainabi l i ty ,  r e l i a b i l i t y ,  and a i r  
pol lu t ion .  NT0/50-50, LOX/bW,  and LOX/SO-SO were t h e  a l t e r n a t e  preferences 
i n  t h a t  order.  
I t  was concluded from t h e  subscale i n j e c t o r  tests t h a t  t h e  l ike-doublet  
i n j e c t o r  would produce higher and more s t a b l e  performance a t  OME operating 
conditions than i n j e c t o r s  using e i t h e r  unlike-doublet o r  t r i p l e t  elements. 
The highest  performance could be obtained with a 45 degree cant angle and 
an impingment d is tance  of approximately 0.4 inches. Mixture r a t i o ,  chamber 
pressure,  and oxid izer  temperature do not s ign i f i can t ly  affect C* eff ic iency 
which i s  l imited by mixing more than by vaporization. 
The t h r u s t  chamber cooling tests using e l e c t r i c a l l y  heated tubes and 
channels lead t o  t h e  conclusion t h a t  regenerat ive cooling a t  OME design 
and off-design conditions can be accomplished with reasonable design 
parameters and f a c t o r s  of sa fe ty .  Data obtained with simple round-tube 
da ta  can be used t o  def ine s teady-s ta te  s a f e t y  f ac to r s  f o r  chambers using 
channel wall construct ion.  The OME chamber can be s t a r t e d  safe ly  when 
hot due t o  a previous f i r i n g  o r  heating by plume impingment from other  
engines. 
f u e l ,  but t h e  sa fe ty  f ac to r  i s  degraded by t h e  presence of f ro th - l ike  
helium bubbles. 
be modified t o  permit operat ion with a completely plugged channel. 
The f u l l - s c a l e  i n j e c t o r  test programs demonstrated t h a t  a l ike-doublet  
i n j e c t o r  provides safe, s t a b l e  operation with moderately high performance. 
The i n j e c t o r  can be s t a b i l i z e d  with an acoust ic  cavi ty  having a gradual 
contoured entrance. 
chambers using 8- and 10-inch diameter i n j e c t o r s  was t h a t ,  i f  t h e  in j ec to r s  
provided equal C* performance, t h e  r e su l t i ng  weight, pressure,  and nozzle 
comparison r e su l t ed  i n  higher system performance f o r  t h e  8-inch chamber 
based on minimizing OMS i n e r t  weight. A s l i g h t l y  lower OMS tanked weight 
would r e s u l t  from the  use of a 10-inch in j ec to r .  
t he  t h e  conclusion t h a t  a chamber having lands of constant width was superior  
t o  a chamber having coolant channels of constant width. 
The chamber can t o l e r a t e  l a rge  continuous helium bubbles i n  t h e  
The design of t h e  cooling jacke t  would probably have t o  
The conclusion from an ana ly t i ca l  comparison of 
The same study lead t o  
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I t  was concluded from t h e  s t a b i l i t y  model tests and ana lys i s  t h a t  
i n s t a b i l i t i e s  encountered i n  t h e  frequency v i c i n i t y  of 2600 hz are prob- 
ably due t o  t h e  in t e rac t ion  of feed system dynamics and chamber acoust ics .  
Chamber o s c i l l a t i n g  modes can be  accura te ly  predicted by model t es t  data .  
The resonant frequency of t h e  acous t ic  cavi ty  i s  independent of t h e  
loca t ion  of  t h e  downstream port ion o f  t h e  cavi ty .  
The demonstrator chamber tests v e r i f i e d  t h e  ana ly t i ca l  conclusions 
regarding safe engine operat ion a t  nominal and an t ic ipa ted  off-design 
conditions.  I n  fact, it was concluded t h a t  t h e  analyses were somewhat 
conservative regarding regenerat ive cooling s a f e t y  f a c t o r  and r ad ia t ion  
nozzle temperatures. The f ab r i ca t ion  of t h i s  chamber a l s o  demonstrated 
t h e  f e a s i b i l i t y  of CRES channel-wall chambers using an electroformed 
nickel  c loseout .  The f e a s i b i l i t y  of repa i r ing  c e r t a i n  types of chamber 
damage by electroforming was a l s o  demonstrated. 
t he  chamber could operate  sa fe ly  with NT0/50-50 propel lan ts  over t h e  
range t e s t ed  at  s l i g h t l y  higher performance than NTO/MMH provided. 
I t  was concluded t h a t  
Fabrication of a f l ightweight  OME t h r u s t  chamber was demonstrated (excepting 
t h e  i n l e t  manifold) by t h e  in tegra ted  chamber. 
strated a t  nominal and an t ic ipa ted  off-design conditions with t h i s  
chamber. The t h r u s t  chamber and i n j e c t o r  can survive a f u e l  deplet ion 
condition and can operate  s t ab ly  i n  the  blowdown mode t o  approximately 
70 ps i a .  Propel lant  s a tu ra t ion  does not s i g n i f i c a n t l y  a f f ec t  e i t h e r  
t h e  performance or heat  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  engine. The 
L/D #1 i n j e c t o r  i n  a 14.7-inch long chamber and a nozzle having-an area 
r a t i o  of 72 with 2.7 percent Boundary Layer Coolant provides 310 seconds 
s p e c i f i c  impluse. 
seconds and s t i l l  permit safe operat ion over t h e  expected range of operating 
conditions.  
eliminating t h e  BLC would r e s u l t  i n  a s p e c i f i c  impulse of 313 seconds 
and a thermal s a fe ty  f ac to r  of 1.4 a t  nominal conditions.  
Tests conducted with t h e  in tegra ted  chamber and OMS simulated ducting 
lead t o  t h e  conclusion t h a t  oxidizer  deple t ion  occurs within 10 seconds 
a f t e r  engine shutdown f o r  a l l  an t ic ipa ted  operat ing conditions.  Fuel 
deplet ion times range from one second after a long-duration tes t  t o  
10 minutes after a l-second tes t  with cold fue l .  P o s t t e s t  acce le ra t ions  
i n  t h e  order  of 300 g ' s  can r e s u l t  from low leve l  combustion. 
acce lera t ions  are not detrimental  t o  t h e  engine and can be avoided by a 
b r i e f  purge of t h e  oxidizer  system after shutdown. The engine does not  
impose any l imi t a t ions  on OMS restart times. 
Safe operat ion was demon- 
Eliminating the  BLC would increase  performance by 1-1/2 
Simultaneously lengthening t h e  chamber t o  16 inches and 
These 
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RECOMMENDATIONS 
The s t a b i l i t y  and safe ty  of i n j ec to r s  u t i l i z i n g  l ike-doublet  elements 
i n  regenerat ively cooled chambers was demonstrated i n  t h i s  program. 
Effor t s  should be made t o  improve the  performance of t h i s  i n j ec to r  
type while maintaining t h e  present s t a b i l i t y  and sa fe ty  cha rac t e r i s t i c s .  
Cold flow tests of ex i s t ing  f u l l - s c a l e  in j ec to r s  should be made t o  
e s t ab l i sh  miking cha rac t e r i s t i c s .  Design and analysis  e f f o r t s  based on 
t h e  cold flow r e s u l t s  should be followed by in j ec to r  subscale and 
fu l l - sca l e  tests. 
- Although t h e  in j ec to r  was s t a b i l i z e d  by t h e  proper acous t ic  cavi ty  
configuration, a 2600 hz o s c i l l a t i o n  has occurred with some cavi ty  
configurationson t h i s  and o the r  programs. The pers is tance of t h i s  
o s c i l l a t i o n  i n  some cases may be the  r e s u l t  of  a feed system in te rac t ion .  
This p o s s i b i l i t y  should be fu r the r  invest igated i n  order t o  b e t t e r  
understand and control  t h e  s t a b i l i t y  of t he  OME. 
The LOX/MMH propel lant  combination was determined ana ly t i ca l ly  t o  
s t rong a l t e r n a t e  candidate f o r  t he  OME but was re jec ted  pr imari ly  because 
of lack of experience. 
a l ike-doublet  element i n j e c t o r  which is compatible with LOX/MMH t o  
provide performance, thermal, and s t a b i l i t y  da ta  f o r  fu tu re  generation 
Orbit  Maneuvering Engines. 
be a 
This propel lant  combination should be t e s t ed  using 
R-9686 
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1.0 PROPELLANT AND CONFIGURATION SELECTION 
One of t h e  first objec t ives  of t h e  program was t o  provide Orbi t  Maneuver- 
ing Engine designs,  parametric da t a  and recommendations t o  NASA and t o  
po ten t i a l  cont rac tors  f o r  t he  Space Shu t t l e  Orbi te r  Vehicle and Orbi t  
Maneuvering System. 
chamber cooling concept, and design parameters. 
was conducted by first generating f a i r l y  de t a i l ed  point designs.  
point  designs were perturbed t o  provide parametric weight, envelope, 
performance, and i n l e t  pressure da ta .  
the  bas i s  f o r  comparisons of r e l i a b i l i t y ,  main ta inabi l i ty ,  sa fe ty  develop- 
ment r i s k ,  and program cos t s .  
NASA-CR-128675, and NASA-CR-141671. 
These da t a  were used i n  t h e  se l ec t ion  of propel lan ts ,  
The study (Tasks I and 11) 
The 
The poin t  designs a l s o  served as 
Deta i l s  of t he  analyses were presented i n  
1.1 POINT DESIGNS 
Kegenerative and f i l m  cooled engines were designed f o r  pressure fed  o r b i t a l  
maneuvering engines f o r  t he  Space Shu t t l e  Orbi te r  Vehicle. 
ru l e s  f o r  the  designs and analyses a r e  given i n  Table 2.  Layout drawings 
of these  engine assemblies a r e  shown i n  Figs.  2 and 3. The engine components 
include propel lant  ducting with f l e x  j o i n t s  f o r  gimbaling, a quad-redundant 
' bipropel lan t  valve,  i n j ec to r ,  t h r u s t  chamber, nozzle extension, and t h r o a t  
gimbal r ing .  A pneumatic pressure system t o  ac tua t e  the  propel lant  valves 
was later added and i s  shown i n s t a l l e d  on the  regenerat ively cooled engine 
i n  Fig. 4 . 
General ground 
Propel lant  ducting c a r r i e s  t h e  propel lan ts  from the  vehic le  i n t e r f ace  on 
the  gimbal r ing  t o  t h e  valves and then t o  the  i n j e c t o r  and chamber. The 
valve mounting o r i en ta t ion  which minimized duct weight was se lec ted  fo r  
each chamber cooling method: perpendicular t o  t h e  chamber axis  f o r  t h e  
regenerat ively cooled chamber; p a r a l l e l  t o  t h e  axis f o r  t h e  f i l m  cooled 
chamber. 
. 
The method of a t taching components was based on t r adeof f s  between 
r e l i a b i l i t y ,  main ta inabi l i ty ,  and weight. Components of lower r e l i a b i l i t y ,  
such as t h e  valve,  are bol ted onto t h e  assembly t o  provide easy access f o r  
maintenance and r e p a i r .  The i n j e c t o r  and chamber were an t ic ipa ted  t o  have 
higher r e l i a b i l i t i e s  and a re ,  therefore ,  welded together  t o  reduce engine 
weight. 
injector-to-chamber seals ( the  fuel-to-hot gas seal and t h e  fuel-to-ambient 
s e a l ) .  
by machining t o  save the  undamaged p a r t .  
This configurat ion i s  a l so  more r e l i a b l e  s ince  it el iminates  two 
If e i t h e r  t h e  i n j e c t o r  or chamber i s  damaged, they can be removed 
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All propellant ducts, the nozzle skirt, the propellant valves, valve 
actuation system, and the gimbal ring are bolted assemblies in the 
regeneratively cooled engine. 
effected by welding these components. 
welded to form an 
Additional weight savings could be 
The film cooled engine nozzle is 
integral part of the combustor (both columbium). 
The OME flightweight valve is a quad-redundant valve (four valves in a 
series parallel arrangement) to provide redundancy with either a failed 
open o r  failed closed valve. Individual oxidizer and fuel valves are 
mechanically linked to ensure mixture ratio control should a single 
valve malfunction. 
pneumatically by its own actuator and pilot valve. 
A ball type closure element provides low actuation force requirement and, 
therefore, low valve assembly weight. A low pressure drop in the valve 
ensures that the engine will operate within specified limits if a valve 
malfunction occurs. L o s s  of electrical signal to any valve results in 
closing of the valve by pneumatic and spring forces. 
therefore, continue to operate with an increase in AP of approximately 
5 psi if electrical or  pneumatic control of one side is lost. 
Each oxidizer/fUel valve combination is operated 
The valve will, 
Injectors with the appropriate type elements were selected for each 
propellant combination. 
LOX/C3H8 propellant combination. 
for the other propellant combinations, Oxidizer enters the center of the 
injector where in the cases where LOX is the oxidizer, provision was made 
for an electrical spark ignition system. The injectors have provisions 
for acoustic cavities to suppress combustion instabilities. 
Coaxial element orifices were specified for the 
Impinging stream inj ectoss were chosen 
Thrust is transmitted through the gimbal ring to the thrust mount pickup 
plates. 
connectors, and for instrumentation connections. The gimbal assembly is 
located at the thrust chamber throat plane and provides the capability 
of gimbaling the engine through angles of +7 degrees maximum in both the 
pitch and yaw axes. 
These plates also serve as locators for the inlet ducts, electrical 
The OME thruster consists of a regenerative o r  film cooled combustor to 
which is attached a radiation cooled nozzle to.reduce weight and coolant 
requirements. Uppass cooling was selected for  the regeneratively cooled 
chamber to simplify the ducting and to minimize volume. The regeneratively 
cooled portion of the thrust chambers utilize channel wall construction 
with an electroform nickel close-out on the outer wall. Combustion chamber 
lengths were selected as approximately optimum for each of the conditions 
ana 1 y z ed . 
R - 9 6 8 6  
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Small amounts of f i l m  cooling were used t o  supplement t h e  regenerat ive 
cooling for MMH and 50-50 fue l s .  
WithLOX/C3H8, LOX/RP-1 andLOX/N2H4because of  t he  high decomposition 
temperatures fo r  propane and RP-1 and because of t h e  low mixture r a t i o  
for  LOX/N2H4. 
For dump/film cooled engine the  combustion chamber and nozzle ,  t o  an area 
r a t i o  of 3, i s  insu la ted  t o  maintain an ou te r  wall temperature of 600 F. 
Some of  t he  fue l  en ter ing  the  i n j e c t o r  manifold is  diver ted t o  t h e  chamber 
through t h e  s leeve  and dumped i n t o  t h e  combustion chamber. 
the  dump/film cooled combustion chamber i s  press  f i t t e d  i n t o  t h e  s h e l l  
and u t i l i z e s  channels which are constant width and constant depth. 
Supplemental f i l m  coolant was not  used 
The l i n e r  fo r  
Corrosion r e s i s t a n t  s t e e l  was se lec ted  f o r  t he  valves ,  i n j e c t o r ,  and regen- 
e r a t i v e l y  cooled chamber l i n e r  (except t he  02/C3Hg chambers f o r  which a 
copper l i n e r  was chosen because of  i t s  good propel lan t  compat ibi l i ty) .  
The higher s t rength  of INCO 625 was used t o  prevent buckling of t he  l i n e r s  
i n  t h e  f i l m  cooled engines. 
on regenera t ive ly  cooled chambers. 
f o r  t h e  f i l m  cooled chamber and f o r  a l l  nozzles i n  t h e  region of  high hea t  
f lux.  A t  lower hea t  f luxes  (higher a rea  r a t i o s )  t i tanium was used t o  
reduce weight. 
Electroformed n icke l  was t h e  closeout mater ia l  
S i l i c i d e  coated Columbium was specif ied 
Life c a p a b i l i t i e s  were determined f o r  t he  regenerat ively cooled and dump/film 
cooled t h r u s t  chambers. 
mechanism: the  regenerat ively cooled chambers by fa t igue ;  t he  dump/film 
cooled chambers by creep. 
Each concept i s  l imi ted  by a d i f f e r e n t  damage 
Under most severe operat ing condi t ions,  t h e  CRES l i n e r s  of t h e  regenera- 
t i v e l y  cooled chambers were predicted t o  have a f a t igue  l i f e  of approximately 
7000 cycles  which, with a sa fe ty  f ac to r  of 4, s t i l l  exceeds t h e  1000 cycle 
requirement. 
much higher than f o r  CRES. The creep ana lys i s  f o r  t he  dump/film cooled 
chambers indicated a 75 percent damage f r a c t i o n  i n  t h e  15-hour required 
operating time including a sa fe ty  f a c t o r  of  4 .  
Fatigue l i f e  f o r  t h e  copper channel wall chamber (02/C3Hg) is  
OME poin t  design c h a r a c t e r i s t i c s  f o r  t h e  various propel lan ts  and cooling 
methods a r e  l i s t e d  i n  Table 2 f o r  engines with a 50-inch s t a t i c  ex terna l  
e x i t  diameter. 
are based on equal propel lant  tank volumes. 
t he  mixture r a t i o  is  t h a t  which y i e lds  maximum del ivered s p e c i f i c  impulse. 
Engine lengths  are measured from the  top  of  t h e  oxid izer  duct t o  t h e  end 
of t h e  r ad ia t ion  cooled nozzle; combustor lengths from t h e  i n j e c t o r  face 
t o  the  t h r o a t  plane.  
vehic le  connect po in t  and include the  pressure  drops through a l l  engine 
components. 
Mixture r a t i o s  f o r  engines using NTO/MMH and NT0/50-50 
For t h e  o the r  propel lan ts ,  
Engine i n l e t  pressures  are t h e  pressures  a t  t h e  
R-9686 
1-7 
R1 & ‘p - 
M 
\ € 
E 
d 
\ 
L 
\ 
n 
VI 
N 
d 
N 
b 
In 
'9 
d 
m 
d 
0 
M 
0 
v) 
d 
d 
b M Q) N 
rn 
U 
2 
In 
N 
9 
d 
d 
In 
9 
m 
"1 
N UY 
M 
N 
0 
M 
0 
Y b 
R-9686 
1-8 
The regenerat ively cooled engines de l ivc r  higher s p e c i f i c  impulse 
performance than the  f i l m  cooled engines and have higher engine weights 
and fue l  i n l e t  pressures .  
The effects of  s p e c i f i c  impulse, engine weights, and i n l e t  pressure on 
loaded OMS weight were determined using nominal OMS weight and t r ade  
f a c t o r s .  The r e s u l t s  of  t h e  cooling method comparison shown i n  Table 
ind ica t e  t h a t  t h e  regenerat ively cooled engine r e s u l t s  i n  a lower OMS 
weights than t h e  f i l m  cooled engine. 
comparison f o r  regenerat ively cooled OME systems a r e  a l s o  shown i n  T a b l e 4 .  
NT0/50-50 y i e lds  a s l i g h t l y  lower system weight than NTO/MMH. 
lowest system weight i s  act ieved with LOX/MMH. 
The r e s u l t s  of t he  propel lant  
The 
1.2 TECHNOLOGICAL AND OPERATIONAL FACTORS 
Chamber cooling methods and propel lant  combinations were a l s o  compared 
q u a l i t a t i v e l y  with respect  t o  complexity, r e l i a b i l i t y ,  main ta inabi l i ty ,  
sa fe ty ,  development r i s k ,  and ecological  f ac to r s .  
Complexity 
The regenerat ively cooled chamber was r a t e d  as s l i g h t l y  more complex than 
t h e  f i l m  cooled design because of  t h e  g r e a t e r  number of  j o i n t s  and mani- 
fo lds  and t h e  f u l l  length double wall construct ion.  Complexity f ea tu res  
associated with the  f i l m  cooled chamberwere t i g h t e r  tolerances on small 
channel dimensions, i n su la t ion  requirements, and po ten t i a l  requirements 
f o r  propel lant  sequencing a t  cu tof f  t o  cont ro l  thermal soakback. 
NTO/MMH was estimated t o  involve the  least complexity followed c lose ly  
by NT0/50-50. 
poss ib le  requirements f o r  hea te rs  was responsible  f o r  i t s  lower r a t ing .  
Propel lant  combinations using LOX as t h e  oxid izer  were s i g n i f i c a n t l y  more 
complex. The primary f a c t o r s  increasing the  complexity associated with 
LOX engines were the  requirements f o r  i g n i t i o n  and purging systems, and 
t h e  complexities associated with cryogenic propel lan t  operat ion.  
RP-1  would be less complicated than the  amines because of  i t s  lower vapor 
pressure and tox ic i ty .  
The high freezing poin t  of 50-50 compared t o  bM-4 and r e s u l t i n g  
Handling 
R e l i a b i l i t y  
A de t a i l ed  r e l i a b i l i t y  assessment of t h e  regenerat ive and f i l m  cooled 
engines was provided. The regenerat ively cooled engine was estimated t o  
be more r e l i a b l e  pr imar i ly  because of  t he  redundant nature  of t h e  double 
wall, lower operat ing texperatures ,  t he  s i g n i f i c a n t l y  g rea t e r  development 
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and operational experience, the lower sensitivity to contamination, and 
the higher performance. 
reliability asset of the film cooled engine. 
Simplicity was determined as the primary 
A detailed reliability assessment of  the candidate propellant combinations 
was also provided. 
were determined more reliable than the propellants using LOX for the same 
reasons described for the complexity evaluation. In addition, the tendency 
of LOX propellant. combinations to produce detonable gels with RP-1 and 
amine fuels reduced system reliability. 
The NTO/MMH and NT0/50-50 propellant combinations 
Maintainability 
Maintainability comparisons were based on lowest maintenance and servicing 
(including propellants) requirements and ease of performing maintenance if 
required. 
were evaluated as approximately equal. 
maintenance. 
Maintainability of the regenerative and film cooled engines 
Both required no scheduled 
NTO/MMH and NT0/50-50 were estimated to have approximately equal reliabil- 
ities, no scheduled maintenance, and equal ease of performing unscheduled 
maintenance. 
lowered the ranking of the L,OX/RP-l relative to the amine fuels. 
The lower reliability of the propellants which use LOX 
Safety 
Handling, testing, and operating aspects of safety were evaluated f o r  the 
candidate cooling modes and propellants. The double wall features of the 
regenerative cooled chamber provides a safety margin, should a hot wall 
crack occur, not present in the film cooled engine which was considered 
susceptible to this failure mode due to the high operating temperatures 
and requirement for a coating for material compatibility. 
. 
Reliability considerations indicated a greater safety for NTO relative 
to LOX. 
advantage relative to amine fuels. 
The low toxicity and vapor pressure of RP-1 was a safety 
Development Risk 
The relative certainty of providing an OME which could meet 
the specified requirements with a modest development program was evaluated 
based on existing technology and anticipated development requirements. 
Because considerably more experimental data are available on technology, 
developmental, and operational regeneratively cooled engines compared to 
R-9686 
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buried film cooled engines, the regeneratively cooled engine was 
predicted to have the lower development risk. 
Critical areas specified at that time (September 1972) for  OME develop- 
ment with NTO/Amine propellants were: 
1. Propellant valve cycle life and reusability 
2.  Combustion stability 
3. Restart tapability 
4. Columbium coating compatibility with the shuttle duty cycle 
and environment 
When comparing propellant combinations, NTO/MMH and NT0/50-50 had the 
lowest development risk because of the large available technology base. 
LOX/RP-1, although widely used in larger nonreusable, nonrestartable 
engines presented more areas where technologies applicable to the OME 
condition have not been adequately explored. 
the smallest technology base. 
Additional critical technology areas associated with LOX/RP-1 and LOX/Amine 
systems were defined as: 
LOX/WI and LOX/SO-SO had 
1. Ignition 
2. LOX/RP-1 performance and heat flux (carbon deposition) character- 
istics at OME conditions 
Ecology 
Evaluation of  the impact of production of the propellants on the earth 
environment was beyond the scope of the contracted study. 
of propellants and combustion products exhausted into space by the OME 
was estimated to be so small and distributed as to constitute a negligible 
ecological factor. Thus, only the impact of using the various propellants 
on the earth environment during ground test was evaluated. 
The quantity 
The combustion products of the various propellant combinations were deter- 
mined f o r  expansion to a nozzle exit area ratio corresponding to a 50-jnch 
diameter and a 6K thrust level. 
at these exit conditions was less than 1000 F so that further reactions 
of these constituents between themselves do not take place. 
The temperature of the combustion gases 
The two 
R-9686 
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... 
cons t i tuents  which d i r e c t l y  a f f e c t  a i r  q u a l i t y  a r e  carbon monoxide (CO) 
and ni t rogen oxide (NO). 
t i ons  was less than the  1975 emission standard of 5 grams pe r  horsepower 
hour appl ied t o  heavy duty vehicles .  
monoxide content o f  LOX/RP-1 was approximately four  times t h e  1975 
standard of  25 grams pe r  horsepower hour. 
t h a t  most of t h i s  carbon monoxide would burn o f f  and t h e  r e s u l t a n t  
concentration t o  be within the  standard value.  
The NO emission rate f o r  a l l  propel lan t  combina- 
A t  t h e  nozzle e x i t  t h e  carbon 
However, it was an t ic ipa ted  
Therefore, it appeared t h a t  t he  emissions of  a l l  t h e  candidate propel lant  
combinations would be acceptable by t h e  1975 heavy duty vehic le  standards.  
However, f o r  purposes of comparison, t he  LOX/Amine propel lan t  combinations 
produced more NO than the  NTO/Amine propel lan t  combinations and WI 
produced l e s s  NO than 50-50. 
t o  be less s ign i f i can t  than the  fue l .  LOX/RP-1 produced approximately 
twice as much CO as NTO/MdH. 
f i n e l y  divided unburned carbon with LOX/RP-1 which r e s u l t s  i n  sooty exhaust. 
With respec t  t o  CO, t h e  oxid izer  appeared 
Actual i n j e c t o r s  produce small amounts of 
Comnari son 
The comparison of regenerat ive and f i l m  cooled engines based on technological 
and operat ional  f ac to r s  i s  summarized i n  Table 5 .  Regenerative cooling 
was judged b e t t e r  considering a l l  f a c t o r s ,  The same considerat ions led 
t o  se l ec t ion  of  NTO/MMH as the  bes t  p rope l lan t  conbination followed c lose ly  
by NT0/50-50. The order of preference f o r  t h e  remaining candidates was 
02/RP-1, 02/MMH, and 02/50-50. The las t  two propel lant  combinations were 
c lose ly  ranked. 
Inclusion of  t he  performance f ac to r s  shown i n  Table 4 served t o  emphasize 
t h e  preference f o r  regenerat ive cooling over dump/film cooling. 
vs 50-50 comparison was not a f fec ted .  
l ed  t o  the  preference of  LOX/MMH as an a l t e r n a t i v e  t o  t h e  NTO/Amine propel lan t  
combinations. 
The MMH 
The poor performance of LOX/RP-1 
1.3 PROGRAM COMPARISON 
Program comparison f o r  t h e  candidate propel lan ts  and t h r u s t  chambers were 
made by es tab l i sh ing  a base l ine  program and determining t h e  d i f fe rences  
i n  program cos t ,  program schedule and operat ional  cos t s  f o r  t he  a l t e r n a t e s .  
The regenerat ively cooled N204/bDlH Orbi t  Maneuvering Engine was selected 
as t h e  base l ine  system. 
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Deve 1 opment Pro gram 
The same development program schedule was pro jec ted  f o r  t h e  regenerat ively 
cooled and the  f i l m  cooled engines with NTO/MMH o r  N204/50-50. The demon- 
s t r a t e d  f e a s i b i l i t y  and hardware f ab r i ca t ion  flow times were estimated 
t o  be approximately the  same; consequently, t h e  major d i f fe rences  between 
the  programs were t h e  hardware cos t s  and propel lan t  cos ts .  
The programs f o r  t he  nonhypergolic propel lan ts  a l l  required t h e  development 
of  an i g n i t i o n  system t o  provide mul t ip le  restart  capabi l i ty .  The schedules 
r e f l e c t  a thorough DFT program f o r  t he  i g n i t i o n  system s ince  developnient 
of  t h e  s ta r t  and cu tof f  sequence were cr i t ical  where a r e s t a r t  was required.  
RP-1, MMH, and 50-50 contain carbon and, when combined with LOX, can form 
an explosive ge l  so  t h a t  purge sequencing was required as p a r t  o f  t h e  
ign i t i on  sequence. 
In j ec to r  and regenerat ively cooled t h r u s t  chamber f e a s i b i l i t y  were assumed 
t o  be demonstrated f o r  LOX/MblH based on t e s t  plans f o r  t h i s  cont rac t  which 
were subsequently modified. The s i m i l a r i t y  between MMH and 50-50 and the  
s i g n i f i c a n t  i n j e c t o r  performance experience w i t h  these f u e l s  would ind ica t e  
comparable program schedules and hardware cost ,  with t h e  major difference 
being propel lan t  cos ts .  
be required f o r  t h e  LOXIRP-1 p rope l lan t  combination before the  f l i g h t  t h r u s t  
chamber design could be released.  
spec ia l  t e s t i n g  t o  evaluate  purge e f fec t iveness  with the  low vapor pressure 
RP-1 r e su l t ed  i n  t h e  longest program through qua l i f i ca t ion .  The propel lan t  
cos t s  were considerably lower f o r  t h e  LOX/RP-1 p rope l lan t  combination. 
Basic combustion zone length and L* da t a  would 
This  performance optimization and the  
Maintenance and Logis t ics  
A preliminary maintenance ana lys i s  f o r  t he  OME during t h e  Space Shu t t l e  
program operat ional  phase was performed t o  determine t h e  approximate OME 
maintenance cos t  per  o r b i t e r  vehic le  mission duty cycle.  
co r rec t ive  maintenance tasks were inves t iga ted  as a p a r t  o f  t h e  study, and 
labor  and mater ia l  c o s t s  t o  support each t a s k  were estimated. The rout ine  
maintenance tasks ,  t o  be performed on a scheduled bas i s  after each f l i g h t ,  
were iden t i f i ed  by evaluating OME design and vehic le  operat ional  concepts. 
The cor rec t ive  maintenance tasks ,  t o  be performed on an unscheduled b a s i s  
when an OME problem occurs,  and t a s k  frequency were i d e n t i f i e d  from OME - 
problem and problem rate pro jec t ions .  Because of  t h e  infrequency of t h e  
in-vehicle  and s i t e  engine shop maintenance tasks, a f a c t o r  of  1 .5  was 
used t o  cover the  l e s s  tangib le  aspects  of cos t .  
Routine and 
The l o g i s t i c s  support  f o r  t h e  OME f a l l  i n t o  the  following ca tegor ies :  
technical  manuals, spares  management, l o g i s t i c s  engineering and technical  
se rv ices ,  t r a in ing ,  and f i e l d  engineering support .  The increased complexity 
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of the OME when using nonhypergolic propellant increased the estimated 
logistics costs. It was assumed that a full-time field engineer would 
be assigned to the vehicle contractor facility during initial installation 
and checkout, and would subsequently be relocated at the launch site to 
support the operational program. 
Program Cost and Schedule Comparison Summary 
Table 6 is a summary of the program cost and schedule comparisons for 
the propellant combinations and thrust chambers for the OME. For this 
comparison, the N204/MMH propellant combination with the regeneratively 
cooled thrust chamber was considered the baseline program. 
program schedules, program costs and operational costs were determined 
as incremental values from the baseline. 
All other 
As expected, the program with the least demonstrated feasibility testing, 
the LOX/RP-1 propellant combination with a regeneratively cooled thrust 
chamber, resulted in the greatest increase in cost. 
programs with nonhypergolic propellants also cost more than the baseline. 
The other development 
The N2O4/MMH film cooled thrust chamber was the least costly program, 
slightly less than the baseline N2O4/MMH regeneratively cooled thrust 
chamber program, due to lower thrust chamber costs. 
costs for the development program are considered, the N204/50-50 programs 
are the lowest in cost and the LOX/M4H programs are the highest (by 1.7 
to 1.8 million dollars). 
When the propellant 
1.4 PARAMETRIC DATA 
Extensive parametric engine data was generated f o r  the range of conditions 
listed in Table 7. 
NASA-CR-128675, and NASA-CR-14167. 
The following data were graphically presented in 
Nozzle length 
Engine length 
Exit diameter 
Dynamic diameter (clearance for 7-degree gimbaling) 
Combustor region diameter (for installation purposes) 
Component weights 
Engine weights 
Component pressure drops 
Engine inlet pressures 
ODE and ODK specific impulse 
Boundary layer coolant requirements 
Performance losses for BLC 
Nozzle losses 
Delivered specific impulse 
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1.5 SENSITIVITY DATA 
The OME configurations were evaluated r e l a t i v e  t o  t h e  effects of propellant 
i n l e t  pressure and i n l e t  temperature. 
I n i t i a l l y  f e a s i b l e  ranges 
based on which t h e  engine would be designed. This range included engine 
ca l ibra t ion ,  nominal tank pressure var ia t ion ,  and effect of propellant 
valve malfunction. From these  e f f e c t s ,  engine mixture r a t i o  and chamber 
pressure ranges were establ ished.  For the  ranges establ ished,  t h e  engines 
were designed t o  meet engine l i f e  requirements and provide adequate safety 
f a c t o r s  a t  t h e  most severe off-design conditions ( i . e . ,  mixture r a t i o  k 1 2  
percent of  nominal, chamber pressure 210 percent of nominal, and maximum 
i n l e t  temperature of 90 F) .  
Two types of  analyses were conducted. 
of pressure and temperature were establ ished 
’ 
Once t h e  point  designs were establ ished,  s e n s i t i v i t y  p l o t s  were generated 
of engine mixture r a t i o  and chamber pressure versus i n l e t  pressure and 
temperature. 
r e s u l t a n t  mixture r a t i o ,  and i n l e t  temperature. Both types of analyses 
were conducted f o r  dwnp/film and regenerat ive cooled engines with NTO/MMH 
and NT0/50-50 propel lants .  Limited analyses were conducted for  LOX/MMH 
and LOX/RP-1. 
Delivered s p e c i f i c  impulse was determined versus t h e  
The requirement t o  design f o r  operation a t  higher than nominal i n l e t ,  
temperatures required design compromises which resu l ted  i n  t h e  same performance 
degradation a t  nominal conditions f o r  regenerative and dwnp/film cooled 
engines. 
The MMH fueled engine was a l s o  less s e n s i t i v e  t o  off-design chamber pressure 
and mixture r a t i o  requirements and t h e  regenert ive cooled engine was less 
s e n s i t i v e  than t h e  dump/film cooled engine. 
The engine using 50-50 f u e l  was more s e n s i t i v e  than t h e  MMH engine. 
For a f ixed design, the  s e n s i t i v i t y  of mixture r a t i o  and chamber pressure 
t o  changes i n  tank pressures d i d  not  depend on t h e  type of cooling o r  
whether t h e  propel lants  were NTO/MMH o r  NT0/50-50. A l l  configurations 
showed lower s e n s i t i v i t i e s  t o  an t ic ipa ted  changes i n  i n l e t  temperature 
compared t o  an t ic ipa ted  changes i n  tank pressure.  
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2.0 INJECTOR EVALUATION 
Subscale and f u l l - s c a l e  i n j e c t o r s  were designed, fabr ica ted ,  and t e s t e d  on 
t h i s  cont rac t  under Tasks V I  and I X .  P r io r  and concurrent I R G D  work a t  
Rocketdyne provided addi t iona l  i n j e c t o r  design and test  da t a .  
an unlike-doublet element i n j e c t o r  was fabr ica ted  and t e s t e d  under IRGD. 
The i n j e c t o r  indicated performance degradation with high temperature fue l  
and thus led t o  the  se l ec t ion  of the  l ike-doublet  element type f o r  t h e  
contract  i n j ec to r s .  S t a b i l i t y  model tests were a l so  conducted under t h e  
cont rac t  and ana lys i s  and evaluation of a l l  ava i lab le  OME experimental da ta  
was made. Subscale t e s t s  were reported i n  more d e t a i l  i n  NASA-CR-141677 
f u l l - s c a l e  i n j e c t o r  t e s t s  i n  NASA-CR-140358 and NASA-CR-141674; s t a b i l i t y  
analyses and tests i n  NASA-CR-141676. 
For example, 
2.1 SUBSCALE INJECTOR ELEMENT CHARACTERIZATION 
This e f f o r t  was conducted under Task V I  of t he  cont rac t  t o  evaluate  i n j e c t o r  
configurations designed f o r  a regenerat ively cooled engine. 
ob jec t ives  of t h i s  t a s k  were: 1) t o  determine the  optimum like-doublet  
element geometry f o r  operat ion a t  conditions cons is ten t  with a fue l  regener- 
a t i v e l y  cooled OME, and 2) t o  i nves t iga t e  t h e  s e n s i t i v i t y  of t h e  impinging 
t r i p l e t  element i n j e c t o r  t o  hot  fue l s .  
t e s t s  were conducted t o  determine: 1) t h e  optimum cant angle and spacing, 
2) t h e  minimum number of  elements required,  3)  t h e  poss ib le  turbulen t  mixing 
e f f ec t  as a function of  chamber length,  4) t he  inf luence of  f u e l  and oxidizer  
temperatures on performance, and 5) the  e f f e c t s  of chamber pressure and mix- 
t u r e  r a t i o  on C* e f f ic iency .  Like-doublet element design Farameters and t h e  
configurat ions inves t iga ted  during t h i s  program a r e  shown i n  Table 8.  
'0-F-0 t r i p l e t  element i n j e c t o r  was invest igated having oxid izer  and fue l  
o r i f i c e s  diameters of  0.032 and 0.057 inches,  respec t ive ly .  
A t o t a l  of 81 tests were conducted during the  program. 
tests on the  l ike-doublet  i n j e c t o r s  are shown i n  Figs. 5 through 7. 
optimum element configurat ion for  hot  f u e l  is indicated t o  be t h a t  which has 
an oxidizer-fuel  spacing of  0.4 inches and a cant  angle of 45'. 
optimum element configuration, t h e  e f f e c t s  of mixture r a t i o ,  chamber pressure,  
and oxid izer  temperature (below 100 F) a r e  seen t o  be negl ig ib le .  Performance 
was almost i n sens i t i ve  t o  fue l  temperature but indicated t h e  p o s s i b i l i t y  of a 
s l i g h t  degradation with increasing fue l  temperature. The da ta  indicated t h a t  
no s i g n i f i c a n t  increase i n  performance would take  place with chamber lengths 
g rea t e r  than 10 inches so t h a t  performance was Fixing l imi ted  beyond t h a t  
value. 
The s p e c i f i c  
For t h e  l ike-doublet  element i n j e c t o r ,  
One 
The r e s u l t s  of t he  
The 
For t h e  
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The t r i p l e t  element test  data  a l s o  ind ica tes  an i n s e n s i t i v i t y  t o  mixture 
r a t i o ,  chamber pressure,  and oxidizer  temperature as shown i n  Fig. 8 
However, performance was more severely degraded by increasing fue l  tempera- 
t u r e  then t h a t  of t h e  like-doublet element. 
of t h e  t r i p l e t  element would a l so  not increase s i g n i f i c a n t l y  for  chamber 
lengths grea te r  than 10 inches. 
I t  appeared t h a t  t h e  performance 
No bombs were detonated i n  the chamber during these t e s t s .  
t r i p l e t  i n j e c t o r s  indicated low frequency (300 Hz) o s c i l l a t i o n s  on almost 
every t e s t .  The l ike-doublet  i n j e c t o r s  were s t a b l e  i n  every case with no 
indicat ion of pops o r  o s c i l l a t i o n s .  
However, the  
The r e s u l t s  of t h e  study ind ica te  like-doublet i n j e c t o r s  can be designed t o  
avoid blowapart with hot fue ls .  
t i o n  was found t o  be an element with a cant angle of 45O and an oxidizer-fuel 
separation of approximately 0.4 inches. The performance differences observed 
between the various subscale configurations would be s u b s t a n t i a l l y  reduced 
by inter-element mixing i n  a f u l l - s c a l e  i n j e c t o r .  
The optimum like-doublet  element configura- 
2.2 FULL-SCALE INJECTOR ELEMENT CHARACTERIZATION 
Like-doublet elements were designed and fabricated f o r  OME t h r u s t  chambers 
having contraction area r a t i o s  of 2 and 3. 
diameters were 8.2 inches and 10 inches. The i n j e c t o r  design parameters 
a r e  shown i n  Table 8 .  
t o  t h e i r  diameters, i s  t h e  number of  elements and t h e  element spacing and 
cant angle. I n  both cases,  t h e  number of elements represented a maximum 
number which could be conveniently fabr icated f o r  t h e  p a r t i c u l a r  element 
geometry and i n j e c t o r  diameter. 
i n j e c t o r  were determined from previous i n j e c t o r  experience. 
these parameters f o r  t h e  L/D #4 i n j e c t o r  were determined by the  subscale 
t e s t s .  
The corresponding i n j e c t o r  
Primary differences between t h e  i n j e c t o r s ,  i n  addi t ion 
The spacing and cant angle f o r  t h e  L / D  #1 
The values of 
Another important d i f fe rence  between these i n j e c t o r s  is  t h e  r a d i a l  sequencing 
of t h e  fans.  In  both cases oxidizer fans impinge on f u e l  fans .  
f o r  t h e  L / D  #1 i n j e c t o r  each propel lant  fan i s  adjacent t o  a fan  of the  same 
propel lant  on i t s  nonimpinging s ide .  This maximizes interelement mixing f o r  
sprays which pass r a d i a l l y  through the  primary mixing zone without in te rac t ion  
with Ontheother  hand, the  r a d i a l  
sequence used with i n j e c t o r  L/D #4 i n  which t h e  f u e l  and oxidizer  fans  are 
r a d i a l l y  a l te rna ted ,  provides maximum interelement mixing i n  the  event of 
propel lant  blowapart i n  the  primary mixing region. 
However, 
the  opposite propel lant  i n  t h a t  zone. 
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TABLE 9 
L I  KE-DOUBLET INJECTOR PARAMETERS 
Face Diameter, Inches 
Number o f  Elements 
O r i f  i c e  Forming 
Diameter o f  BLC O r  i f  i ces  (68), Inches 
Diameter o f  Fuel Element, Inches 
Diameter o f  Ox id i ze r  Element, inches 
O-F Element Spacing, Inches 
Impingement Height,  Inches 
Cant Angle, Degrees 
Nominal Fuel AP, P S I  
Nominal Ox id i ze r  AP, P S I  
Radial Sequence 
Stabi  1 i z a t i o n  
I n j e c t o r  M a t e r i a l  
L/D #4 
10.0 
229 
E DM 
- 
0.0294 
0.0309 
0.45 
0.101 
45 
45 
55 
0- F-O- F 
k o u s t i c  C a v i t i e s  
m d  Fuel Man i fo ld  
lams 
321 CRES 
L/D # I  
8.2 
186 
E DM 
0.020 
0.028-0.033 
0.032-0.038 
0.19 
0.188 
22.5 
62 
. 55 
O-O- F- F 
Acoust ic  C a v i t i e s  
and Fuel Man i fo ld  
Dams 
321 CRES 
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Figure 9 i s  a photograph of t h e  8-inch diameter, L/D #1, i n j e c t o r  while 
t h e  10-inch diameter, L/D #4, i n j e c t o r  i s  shown i n  Fig.10 . Both 
i n j e c t o r s  were first t e s t e d  i n  s o l i d  workhorse t h r u s t  chambers under sea 
leve l  conditions t o  determine performance, thermal, and s t a b i l i t y  
cha rac t e r i s t i c s .  A t y p i c a l  hardware cross  sec t ion  is shown i n  Fig. 11. 
A combustion chamber consis ted of a converging-diverging sec t ion  and a 
cy l indr ica l  section,one or more of  which were used t o  vary t h e  d is tance  
from t h e  i n j e c t o r  t o  t h e  th roa t .  The combustion chamber sec t ions  were 
instrumented with thermally i so l a t ed  outs ide  wall temperature measurements. 
The heat  f l ux  p r o f i l e  was deduced from t h e  t r ans i en t  temperatures recorded 
by these  thermocouples. 
pressure measurements were made approximately th ree  inches from t h e  
i n j e c t o r  face t o  provide s t a b i l i t y  da ta  f o r  each in j ec to r .  
tests on the  L/D #1 injector were made with boundary layer  coolant supplied 
by a separate  manifold between the  i n j e c t o r  and combustion chamber as 
shown i n  Fig. 11. Subsequent tests on t h e  L/D #1 i n j e c t o r  were made with 
BLC supplied through o r i f i c e s  d r i l l e d  around t h e  periphery of  t h e  i n j e c t o r .  
No BLC was used with t h e  L/D #4 i n j e c t o r .  
Bombs were detonated and high response chamber 
The i n i t i a l  
The test programs are summarized i n  Table lOfor both in j ec to r s .  
ance tes t  r e s u l t s  for t h e  L/D #1 i n j e c t o r  are shown i n  Figs.12 
Performance without BLC i s  shown i n  Fig. 1 2  t o  be f a i r l y  in sens i t i ve  t o  
chamber pressure,  mixture r a t i o ,  or f u e l  temperature. 
BLC i s  shown i n  Fig. 13 t o  be approximately 1 percent lower. The performance 
with BLC is  q u i t e  i n sens i t i ve  t o  f u e l  temperature, chamber pressure,  or 
mixture r a t i o .  The i n j e c t o r  was t e s t ed  with a eombustion chamber having 
a smaller t h roa t  area i n  order  t o  provide a contract ion r a t i o  of  3 t o  1. 
The performance da te  obtained with t h i s  configurat ion without BLC are shown 
i n  Fig. 14. The da ta  ind ica tes  t h a t  f o r  a f ixed  i n j e c t o r  diameter, perfor- 
mance would be degraded by increasing t h e  contract ion r a t i o .  
The perform- 
through 14. 
The performance with 
Performance of t h e  L/D #4 i n j e c t o r  was v i r t u a l l y  in sens i t i ve  t o  chamber 
pressure,  mixture r a t i o ,  o r  f u e l  temperature. 
i n j e c t o r  was expected t o  equal or exceed t h a t  L/D #1 because of the  more 
optimum element configuration of t h e  former i n j e c t o r .  However, t h e  r e s u l t s  
shown i n  Fig. 15 show t h e  lower performance of  t h e  L/D #4 i n j e c t o r  over t h e  
range of chamber lengths of i n t e r e s t .  
was a t t r i b u t e d  t o  t h e  r a d i a l  sequencing of  t h e  elements or t o  ox id izer  
o r i f i c e  hydraul ic  c h a r a c t e r i s t i c s  ( the discharge coe f f i c i en t  of t h e  oxid izer  
s i d e  of  t he  L/D #4 was 0.66). 
The performance of t h e  L/D #4  
The lower performance of t h e  L/D #4  
Another LID element in j ec to r ,  L/D #2, having an &inch diameter was t e s t e d  
i n  s o l i d  w a l l  hardware. This IRGD i n j e c t o r  had more elements and modified 
element cha rac t e r i s t i c s  r e l a t i v e  t o  L/D #1. 
f lux  p r o f i l e  of t h e  L/D #2 i n j e c t o r  were similar t o  t h a t  of L/D #1. 
L/D #2 i n j e c t o r  was used pr imari ly  on Contract NAS9-12524. 
The performance and t h e  hea t  
The 
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The heat f l u x  da ta  taken on the  L/D #1 i n j e c t o r  indicated a heat f l u x  value 
a t  t h e  throa t  approximately 3 BTUlin2-sec without BLC, which reduced t o  
2.4 BTUIinz-sec by t h e  addi t ion of 2.5 percent BLC. 
cy l indr ica l  port ion of  t h e  chamber was approximately 2.5 and 1.6 BTU/inZ-sec 
without and with the BLC, respect ively.  
The heat f l u x  i n  the  
The effect of  combustion chamber length on the  heat f l u x  p r o f i l e  with the  
L/D #1 i n j e c t o r  i s  shown i n  Fig.16 . 
was t o  increase the  heat f lux  a t  t h e  throa t  s l i g h t l y  and t o  decrease t h e  
heat f l u x  i n  t h e  cy l indr ica l  sec t ion  s l i g h t l y .  
not s i g n i f i c a n t l y  influenced by mixture r a t i o  o r  f u e l  temperature. 
Experimental hea t  f l u x  p r o f i l e s  f o r  the L/D #1 and L / D  #4 i n j e c t o r s  are 
shown i n  Fig. 17 
f o r  the l ike-doublet  #4 without supplementary boundary layer  coolant i s  
lower than the  p r o f i l e  f o r  the  L/D #1 i n j e c t o r  with the  nominal amount of 
BLC. 
i s  shown i n  Table 11. The injector-end subcooling values ( the  difference 
between t h e  boi l ing temperature a t  injector-end conditions and t h e  local  
propel lant  temperature) i s  a l s o  presented i n  t h e  t a b l e .  
f o r  a l l  th ree  combinations are f e a s i b l e  t o  permit regenerative cooling of 
t h e  OME t h r u s t  chamber. 
The e f f e c t  of lengthening t h e  chamber 
The heat f l u x  p r o f i l e  was 
The heat f lux  p r o f i l e  between the  throa t  and t h e  i n j e c t o r  
The t o t a l  heat  load da ta  f o r  OME t h r u s t  chambers using these  i n j e c t o r s  
Values of subcooling 
In addition t o  the tests conducted with t h e  s o l i d  wall t h r u s t  chambers, 
numerous 
and integrated regeneratively cooled t h r u s t  chambers. 
a r e  reported i n  the two sect ions e n t i t l e d ,  "Demonstrator Thrust Chamber'! and 
"Integrated Thrust Chamber." A t o t a l  duration of approximately 1775 seconds 
was accumulated on t h e  i n j e c t o r  during 302 t e s t s .  
t e s t s  were conducted with t h e  L/D #1 i n j e c t o r  i n  t h e  demonstrator 
Results of these tests 
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3.0 STABILITY ANALYSIS AND TESTS 
Under Task XI of the program stability tests and analysis were conducted to 
define stability characteristics of various OME chamber/injector configura- 
tions and to determine the effectiveness of various accoustic cavity designs. 
The effort comprised two series of full-scale stability rating tests, 
bench-scale acoustic modeling tests, and analyses of data from tests conducted 
by Rocketdyne and other OME technology contractors. 
sented in NASA-CR-141676. 
The results were pre- 
Test results show that the low contraction ratio (8.2-inch diameter) chamber 
with injectors having like-doublet elements adequately stabilized with a 
contoured entrance cavity without overlap between the chamber wall and the 
inner wall of the cavity. The high contraction ratio (10-inch diameter) 
chamber with the L/D #4 injector was stabilized with a similar cavity, and 
this hardware combination appears more stable than the low contraction ratio 
combinat ion e 
Acoustic model tests were made and the results were used to characterize the 
resonance characteristics of a relatively wide range of cavity configurations. 
A review of all available test data 
a 2300 to 2900 Hz mode of oscillation dominates the stability characteristics 
of the 8-inch diameter chamber. 
is probably associated with the acoustics of the feed system with some chamber/ 
cavity interaction. 
indicated that with many cavity configurations, 
This mode has not been identified fully but 
3.1 FULL-SCALE STABILITY RATING TESTS 
Stability data was obtained for several injectorlchamberlcavity configurations. 
Data taken on this program was used together with data from tests conducted 
under IRGD and Contract NAS9-12524, to indicate the effects of operating 
conditions, chamber contraction ratio, cavity configuration, and boundary 
layer coolant (BLC) on stability. The facility is described in Appendix A. 
Test Hardware and Instrumentation 
The previously described L/D #1 and L/D #4 injectors were used during this 
program. The L/D #1 injector had been used previously for extensive non- 
stability related testing, although a few stability rating tests had been 
made before the BLC injection orifices were drilled in the injector. 
tests were stable with the acoustic cavity being used. Related stability 
rating tests had been made on Contract NAS9-12524 with a somewhat similar 
injector, L/D #2, which showed that an acoustic cavity was required to achieve 
stability. 
These 
R-9686 
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Solid wall combustion chambers typ ica l  of t h a t  shown i n  Fig. 11 were 
used. 
eliminated. 
o r i f i c e s  near i t s  circumference; no BLC was used f o r  the  tests with the  
L/D #4 i n j e c t o r .  
For t h e  tests conducted under t h i s  contract ,  the  BLC i n j e c t o r  was 
The L/D #1 i n j e c t o r  had 68 equispaced 0.020-inch diameter 
The acoust ic  c a v i t i e s  were formed between t h e  i n j e c t o r  and removable r ings ,  
as shown i n  Fig.18, t o  fac i l i t a te  modification of t h e  cavi ty  configurations.  
The acoust ic  c a v i t i e s  used f o r  a l l  of these tests had a contoured entrance. 
If d i f f i c u l t y  had been encountered i n  achieving s t a b i l i t y  with t h i s  entrance 
configuration, t e s t i n g  was planned with a p a r t i a l l y  contoured entrance with 
overlap. 
because Aerojet had used t h i s  a l t e r n a t i v e  t o  s t a b i l i z e  t h e i r  engine. 
The p a r t i a l l y  contoured entrance was chosen as an a l t e r n a t i v e  
In addi t ion t o  the  normal thrust ,pressure,  flow, and temperature instrumen- 
t a t i o n  spec ia l  temperature and high-frequency pressure instrumentation was 
used. 
pressure transducers,  e i t h e r  K i s t l e r  model 614B/644 o r  PCB Piezotronics 
Model 123A helium and water-cooled transducers. These were located approxi- 
mately 3 inches downstream from t h e  i n j e c t o r  face a t  t h r e e  d i f f e r e n t  angular 
locat ions.  
2760 f o r  t h e  8-inch chamber and 1 Z 0 ,  1080, and 228' f o r  the  10-inch chamber. 
The high frequency data  were recorded on magnetic tape f o r  subsequent 
analysis .  
and angular locat ions of 600 and 324O. 
RDX and 500 milligrams lead azide) bombs were used fo r  each f i r i n g .  
The chambers were instrumented with t h r e e  high frequency response 
These locat ions (referred t o  f u e l  i n l e t )  were 108O, 228O, and 
The s t a b i l i t y  r a t i n g  bombs were located a t  t h e  same a x i a l  pos i t ion  
Two cork insulated 6% gra in  (6% grains  
Gas temperatures were measured i n  t h e  acoust ic  c a v i t i e s  with exposed-junction 
tungsten/rfienium (W-5% Rh/W-26% Rh) or chromel-alumel thermocouples depending 
on t h e  location (temperature). 
8-Inch Chamber Tests  
Eighteen s t a b i l i t y  t e s t s  were conducted on t h e  8-inch diameter chamber with 
t h e  L/D #1 i n j e c t o r .  
t e s t s  which were of 5 seconds duration. Figure 19 is  a t y p i c a l  t h r u s t  record 
on which t h e  bomb detonations are c l e a r l y  v i s i b l e .  
urat ions and t h e  t e s t  conditions a r e  l i s t e d  i n  Table 12. The i n i t i a l  tests 
were conducted with t h e  primary cavi t ies  having a t o t a l  open area, e, equal 
t o  14.8 percent of t h e  i n j e c t o r  face area and e f f e c t i v e  cavi ty  depth, 1, of 
1.60 inches. 
Generally, two bombs were detonated during each of t h e  
The acoust ic  cavi ty  config- 
The cavities f o r  these tests were located i n  a s i n g l e  row around t h e  i n j e c t o r  
face,  1 2  equal area c a v i t i e s  separated by p a r t i t i o n s .  
cavit ies were tuned t o  suppress t h e  t h i r d  tangent ia l  and f i r s t  r a d i a l  modes 
of i n s t a b i l i t y .  These c a v i t i e s  had an e f f e c t i v e  depth near 0.78 inches and 
Four equally spaced 
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a physical depth of 0.42 inch (measured from t h e  i n j e c t o r  face) .  
remaining eight  c a v i t i e s  were tuned t o  suppress the first tangent ia l  mode 
of i n s t a b i l i t y  and had e f f e c t i v e  and physical depths of--1.60 and 1.25 
inches, respect ively.  These e f fec t ive  depths were calculated from the  
acoust ic  model test r e s u l t s  t o  be described below. 
The 
As shown i n  Table 13 two of the f i v e  t e s t s  with t h e  i n i t i a l  cav i ty  configura- 
t i o n  were unstable (damp times exceeded 20 milliseconds) a t  a frequency of 
-2560 Hz. 
Fig. 20. 
i n s t a b i l i t y  was thought t o  be, a t  l e a s t  possibly,  associated with t h e  
acoust ics  of t h e  f u e l  i n j e c t i o n  system. Consequently, a modification t o  t h e  
i n j e c t o r  was t r i e d  i n  which b a f f l e s  (or  dams) were i n s t a l l e d  at three  locat ions 
with roughly equal spacing i n  the  annular f u e l  manifold on the  upstream s i d e  
of t h e  i n j e c t o r .  
t o  be s t a b l e .  
The remaining tests were made with a second cavi ty  configuration having 
reduced open area. 
had damp times i n  excess of 20 mill iseconds.  
and one unstable test  are shown i n  Figs. 22  and 23. 
was inadequate t o  prevent a 2790 Hz o s c i l l a t i o n .  
suggest t h a t  t h i s  mode i s  a l s o  associated with the  feed system. 
A pressure record from one of these  unstable t e s t s  is  shown i n  
Based on i n i t i a l  ana ly t ica l  r e s u l t s ,  t h i s  2560 Hz mode of 
With t h i s  modification, t h e  combustion chamber was found 
A pressure record from one of these  tests i s  shown i n  Fig. 2 1 .  
Two of the e ight  tests made with t h e  la t ter  configuration 
Pressure records from one s t a b l e  
This cavi ty  configuration 
The ana ly t ica l  r e s u l t s  
The temperatures a r e  l i s t e d  i n  Table 13 and p lo t ted  against  mixture r a t i o  
i n  Fig. 24. 
with increasing mixture r a t i o .  
The average temperature a t  nominal conditions was 2200 F and 2500 F f o r  
thermocouples #1 and #3 which a r e  located a t  depths of  0.54 and 0.04 inches 
from t h e  i n j e c t o r  face,  respect ively.  These temperatures agree, within t h e  
data scatter, with values obtained i n  Ref. (a).  
The data  ind ica te  a trend of general ly  decreasing temperature 
Similar r e s u l t s  were reported i n  Ref. (a).  
The measured cavi ty  temperatures provide an ind ica t ion  of the  acoust ic  ve loc i ty  
ex is t ing  i n  t h e  cavi ty ,  which a f f e c t s  cav i ty  tuning and i n s t a b i l i t y  suppression. 
Had t h e  temperatures been d i f f e r e n t  from those obtained previously, adjustments 
i n  cavi ty  depth may have been needed t o  s t a b i l i z e  t h e  engine. 
the  temperatures are roughly consis tent  with those obtained previously, 
suggests the difference i n  method of i n j e c t i n g  f i l m  coolant does not affect 
the  required cavi ty  tuning. 
The f a c t  t h a t  
10-Inch Chamber Tests 
S t a b i l i t y  r e s u l t s  from t e s t i n g  t h e  10-inch diameter chamber a r e  summarized 
i n  Table 14. 
bombs being used f o r  each tes t ,  nominally. The cavi ty  configurations were 
similar t o  those used i n  t h e  8.2-inch diameter chamber with contoured 
Each en t ry  i n  the  t a b l e  corresponds t o  a s i n g l e  tes t  with two 
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* 
entrances and with 4 of 1 2  c a v i t i e s  tuned f o r  t h e  t h i r d  tangent ia l  and 
first r a d i a l  modes and 8 of  1 2  c a v i t i e s  tuned f o r  t h e  first tangent ia l  
mode. The e f f e c t i v e  and physical depths of t h e  secondary (3T/lR) cavi ty  
was 0.88 and 0.5 inches, respect ively,  f o r  a l l  tests. 
ted  with a 9.9 percent open area primary (IT) cavi ty  (with e f f e c t i v e  and 
physical depths of 2.08 and 1.75 inches, respect ively) ,  which proved 
adequate t o  prevent i n s t a b i l i t y .  
cav i ty  was found t o  be inadequate. 
depth of 1.28 inches and a physical depth of 0.9 inch. 
subsequent t e s t i n g  with a deeper 14.8 percent open area cavi ty  showed it t o  
be adequate (physical depth of 1.75 inches).  
primarily,  t o  evaluate t h e  effects of f u e l  temperature and chamber length 
on s teady-state  performance. 
remaining t e s t s .  
Summary of  Results from Ful l -scale  Testing 
Results from t e s t i n g  t h e  8.2-inch diameter (low Contraction r a t i o )  chamber 
show t h a t :  
Testing was i n i t i a -  
However, a shallow 14.8 percent open area 
The l a t t e r  cavi ty  had an e f f e c t i v e  
Nevertheless, 
The remaining tests were made, 
The combustion chamber was s t a b l e  during a l l  
1. S t a b i l i t y  was r e a d i l y  achieved with a contoured entrance cavi ty  
without overlap. 
S t a b i l i t y  was dominated by 2300 t o  2800 Hz o s c i l l a t i o n  and which 
was improved by i n s t a l l i n g  b a f f l e s  (dams) i n  the  f u e l  manifold. 
The change i n  BLC introduction from a separate  downstream i n j e c t o r  
t o  t h e  periphery of the  main i n j e c t o r  d id  not s i g n i f i c a n t l y  a f f e c t  
s t a b i l i t y .  
comparable but s l i g h t l y  b e t t e r  than t h a t  of t h e  L/D #2 i n j e c t o r  
(described i n  Ref. a ) .  
2. 
3. 
Moreover, t h e  s t a b i l i t y  of t h e  L/D #1 i n j e c t o r  appeared 
‘The 2300 t o  2900 Hz i n s t a b i l i t y  d a t a  may be grouped i n t o  t h r e e  sets: 
1. A 2300 Hz o s c i l l a t i o n  appeared b r i e f l y  during t h e  decay t r a n s i e n t  
after two bombs. 
d i s t r i b u t i o n  of pressure.  
The phase angles suggest a first tangent ia l  angular 
2. Two sustained i n s t a b i l i t i e s  occurred with frequencies near 2560 Hz.  
The amplitude and phase data  suggest a precessing and then standing 
f i rs t  tangent ia l  type pressure d i s t r i b u t i o n .  
appeared t o  stand along the  f u e l  i n l e t  l ine .  
-35 t o  70 p s i  peak-to-peak. 
’ 
The pressure node 
The amplitudes were 
R-9686 
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3. After installation of the manifold dams, multiple occurrences of 
a 2790 Hz oscillation were encountered. In each case the oscilla- 
tion damped in 10 to 70 milliseconds, 
behavior suggested, as with the 2560 Hz oscillation, that the mode 
precessed initially and then stood with the pressure node along the 
fuel inlet. 
The amplitude and phase 
Amplitudes were-50 to 150 psi peak-to-peak. 
Results from testing the 10-inch diameter (high contraction ratio) chamber show 
that: 
1. Adequate stability was readily achieved with a contoured entrance 
cavity without overlap. 
2 .  The L/D #4 injector is relatively stable. 
was somewhat low, the greater stability may not be due to the higher 
contraction ratio. 
Because the performance 
3.2 ACOUSTIC MODEL TESTING 
Two kinds of acoustic model tests were made, one with relatively detailed models 
of the acoustic cavities only and the second with a model of the combustion 
chamber containing acoustic cavities. The tests with the detailed cavity models 
were made to measure the effective acoustic depth of these cavities associated 
with the entrance region. The tests with the chamber model were made to measure 
the influence of the cavities on the acoustic modes of the chamber. Each kind 
of model was excited with an acoustic driver and the model response was measured 
with a microphone. The frequencies corresponding to maximum microphone response 
were interpreted as the resonant frequencies o f  the models. 
Cavity Model Testing 
The general configuration of the cavity models is illustrated in Fig.25 . 
model was constructed from Lucite as a three-times scale two-dimensional represen- 
tation of the cavity configurations of interest. 
configurations were used to model the different cavity configurations. 
entrance to the cavity model was exposed to the room and was not contained in 
another chamber. 
The 
Replaceable entrance block 
The 
Results from these model tests are shown in Figs.26 
are shown as an effective depth, which is simply the calculated quarterwave 
depth corresponding to the measured resonant frequency, as a function of physical 
depth. The effective depth contribution resulting from the entrance region of 
the cavity was calculated from the test results as the horizontal distance 
between the line for the cavity of  interest and the line for a simple quarter- 
wave resonator with the same cavity width (open area). 
through 28. The results 
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Because the  test r e s u l t s  appear t o  f a l l  along s t r a i g h t  l i n e s ,  t he  depth 
contr ibut ion from t h e  entrance region i s  a l s o  a l i n e a r  function of depth, z. 
Employing the  r e s u l t s  from the  1 in/45O and 1% in/45' t e s t s  the  following 
equation f o r  any width, w,  was obtained: 
a ( 0 . 6 ~  + 0.7)  - b ~ ( 2 . 1 8 ~  - 0.091) 
- 
Two s i g n i f i c a n t  observations may be made from the  tes t  r e s u l t s .  
r e s u l t s  shown i n  Fig.27 
subs t an t i a l ly  unaffected by the  pos i t ion  of  t h e  downstream por t ion  of t he  
cavi ty  entrance, when var ied  over a range of  0.6 t o  2.7 times the  cavi ty  
width. Secondly, t h e  overlap (0.2 inch) used with 1/4 c i r c l e  entrance 
(s imilar  t o  Aerojet  p a r t i a l  contours) has apparently increased t h e  e f f ec t ive  
depth by an amount approximately equal t o  the  overlap; a conclusion infer red  
from comparison with the  r e s u l t s  f o r  t h e  rectangular  entrance.  
F i r s t ,  t he  
ind ica t e  the  resonant frequency of  t he  resonator is 
Chamber Model Testing 
The model of t h e  combustion chamber containing acous t ic  c a v i t i e s ,  shown 
schematically i n  Fig. 29, was constructed from th ree  concentr ic  1/4-inch wall 
Lucite tubes t o  forni a chamber and s i x  va r i ab le  depth c a v i t i e s .  
t h i s  model, t h e  va r i a t ion  of  t he  resonant frequency of the  lowest n ine  chamber 
modes with varying cavi ty  depth was measured. 
where the  c i r c u l a r  symbols correspond t o  measured frequencies (frequencies 
corresponding t o  response maxima). 
predicted frequencies f o r  each of t h e  indicated modes. Generally, t he  predicted 
and measured frequencies agree very well. 
Employing 
The r e s u l t s  a r e  shown i n  F i g .  3 0 ,  
The curves i n  Fig. 30 correspond t o  
3 . 3  ANALYSIS AND INTERPRETATION OF TEST RESULTS 
The purposes of t he  ana ly t i ca l  e f f o r t  under t h i s  program were t o  a i d  design 
of t he  c a v i t i e s  t o  be t e s t ed  and t o  a i d  evaluation, from the  ava i lab le  da ta ,  
of t h e  e f fec t iveness  of acous t ic  c a v i t i e s  f o r  suppressing i n s t a b i l i t i e s .  
Most of t h e  e f f o r t  was d i rec ted  toward assessing t h e  s ign i f icance  of t he  2300 
t o  2800 I-Iz o s c i l l a t i o n  experienced during t e s t i n g  on t h i s  and o ther  programs. 
The 2300 t o  2800 Hz o s c i l l a t i o n  has been encountered repeatedly during t e s t i n g  
of 8-inch diameter chambers a t  Rocketdyne and Aerojet .  
preted t h i s  o s c i l l a t i o n  as not  being due t o  a normal chamber mode and probably 
associated with t h e  acous t ics  o f  t he  feed system. With t h i s  i n t e rp re t a t ion ,  
t he  acous t ic  cavi ty  would be expected t o  weakly a f f e c t  s t a b i l i t y .  Conversely, 
Aerojet  has in te rpre ted  the  o s c i l l a t i o n  as being due t o  t h e  f irst  tangent ia l  
mode of  the  chamber with i t s  frequency being suppressed by the  acous t ic  cavi ty .  
Aerojet  has t r i e d  many cavi ty  configurat ions i n  an e f f o r t  t o  suppress t h e  
Rocketdyne has i n t e r -  
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o s c i l l a t i o n .  
implications r e l a t i v e  t o  cavi ty  effect iveness ,  ana ly t ica l  s tud ies  were 
made of both of  these p o s s i b i l i t i e s .  
In  an e f f o r t  t o  i d e n t i f y  t h e  mode or  modes and c l a r i f y  the  
Observations Concerning 2300 t o  2800 Hz Osc i l la t ion  
Considerable t e s t i n g  has beendoneat  Rocketdyne and Aerojet with 8-inch 
diameter chambers. 
i n  the usual manner from t h e  acoust ic  equations for  a closed chamber. 
the  chamber used during t h i s  program, t h e  estimated chamber mode frequencies 
are : 
The expected frequencies of o s c i l l a t i o n s  may be estimated 
For 
TABLE 15 
EXPECTED FREQUENCIES I N  ROCKETDYNE 
CHAMBER WITH NO CAVITIES 
1 L  
2L 
1T 
* 1T-1L 
2T 
1 R  
3T 
Frequency (Hz) (2) 
1631 
3262 
3194 
3586 
5298 
6647 
7288 
( l ) IL,  lT ,  l R ,  . . . denote t h e  first longi tudinal ,  
first tangent ia l ,  f irst  r a d i a l ,  ... modes. 
(’)Sound veloci ty:  3724 f t / s e c  (95 percent of 
theore t ica l  s h i f t i n g )  
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a a w 
A frequency i n  t h i s  range was encountered during t e s t i n g  a t  Rocketdyne 
with an unlike-doublet i n j e c t o r  (8.2-inch diameter chamber) but no 2600 Hz 
o s c i l l a t i o n .  
higher frequencies and some i n  the  range 480 t o  1030. 
Osc i l la t ion  was observed i n  the  range o f  3000 t o  3100 Hz, some 
During t e s t i n g  a t  Rocketdyne with the  L/D # 2  i n j e c t o r ,  mult iple  instances 
of 2380 t o  2640 Hz o s c i l l a t i o n  were observed. This o s c i l l a t i o n  usual ly  
appeared during t h e  damping of a bomb induced t r a n s i e n t .  
with a nominal f u e l  temperature of 2000F (no instances with 2500F fue l )  and 
with a primary cavi ty  open area  f r a c t i o n  of 16 t o  22 percent.  
open area (13 percent) a 3000 Hz o s c i l l a t i o n  appeared. 
During Rocketdyne t e s t i n g  with the  L/D #1 i n j e c t o r ,  mult iple  instances of 
2300 t o  2800 Hz o s c i l l a t i o n  have been observed. 
manifold eliminated t h e  o s c i l l a t i o n w i t h 1 4 . 8  percent open area  cavi ty .  
the  modified i n j e c t o r  was tes ted  i n  a 1 2  percent open area  cavi ty ,  t h e  
frequency sh i f ted  t o  2790 Hz from t h e  2560 Hz which had occurred e a r l i e r .  
I t  always occurred 
With a smaller 
However, dams i n  t h e  fuel 
When 
Aerojet has done extensive t e s t i n g  with an 8.1-inch diameter chamber. With 
p l a t e l e t  i n j e c t o r s ,  2300 t o  2900 Hz o s c i l l a t i o n  has occurred with a wide 
range of cavi ty  configurations.  Moreover, when the  cavi ty  was blocked 5200 
and 6400 Hz o s c i l l a t i o n s  occurred. During t h i s  t e s t i n g ,  the  contour of t h e  
cavi ty  entrance and the  amount of cavi ty  overlap s t rongly influenced t h e  
i n s t a b i l i t y .  
Aerojet tests with a conventional like-doublet i n j e c t o r  exhibited 2800 Hz 
o s c i l l a t i o n  with a shallow cavi ty  and 3200 Hz with t h e  cavi ty  blocked off .  
Bell Aerospace has done extensive t e s t i n g  with a 10-inch diameter chamber 
In  t h i s  chamber 2520 t o  2620 Hz o s c i l l a t i o n  was observed with a small open 
area 1T mode cavity,  which corresponds t o  3070 t o  3200 Hz i n  an 8.2-inch 
diameter chamber. 
These r e s u l t s  suggest t h a t  when t h e  cavi ty  open area i s  i n s u f f i c i e n t ,  
o s c i l l a t i o n  near t h e  expected normal mode frequencies w i l l  occur, L e . ,  
-3000 t o  3100 Hz which appears t o  be t h e  first tangent ia l  mode with a 
s l i g h t l y  depressed frequency ( the Aerojet p l a t e l e t  appeared t o  exhib i t  t h e  
second tangent ia l  and f i rs t  r a d i a l  modes). However, with l a r g e r  open area 
cavities t h e  2300 t o  2900 Hz o s c i l l a t i o n s  appear with t h e  like-doublet 
i n j e c t o r s  i n  8-inch diameter chambers. If these lower frequencies correspond 
t o  a first tangent ia l  mode with a depressed frequency, the  frequency reduc- 
t i o n  i s  a much as 28 percent.  
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Analysis O f  The Effects O f  Cavi t ies  On Chamber Mode Frequencies 
In  an e f f o r t  t o  assess  the  l ikelihood of t h e  2300 t o  2900 Hz behavior being 
e n t i r e l y  o r  p a r t i a l l y  due t o  t h e  acoust ic  c a v i t i e s ,  the  effects of c a v i t i e s  
on the  chamber modes were analyzed. 
frequency effects was confirmed by comparison with t h e  previously discussed 
acoust ic  model test  r e s u l t s ,  
The v a l i d i t y  of model-predicted 
Predicted frequency var ia t ions  f o r  the  f i rs t  tangent ia l  and second longitudinal 
modes i n  the  Rocketdyne 8.2-inch diameter chamber are shown i n  Fig. 3 1 .  
These calculat ions show t h a t  a 2300 t o  2900 Hz f i r s t - t a n g e n t i a l  mode frequency 
i s  possible ,  but the frequency of the  first tangent ia l  f i r s t  longitudinal 
i s  near 3100 Hz under t h e  same conditions. Moreover, r e l a t i v e l y  deep cavities 
a r e  required (or lower sound v e l o c i t i e s  i n  the c a v i t i e s )  and t h e  frequency 
should decrease with increasing cavi ty  depth a t  -800 Hz/inch. 
e r r o r  25 t o  30 percent i s  needed toaccount f o r  the difference i n  predicted 
and actual  depths. 
is  “200 Hz/inch. 
when the cavi ty  f rac t iona l  open area is increased from 0.148 t o  0.12. 
actual  change was “200 Hz. 
i s  too la rge  t o  appear l i k e l y .  
A sound veloci ty  
“ 
Also, the actual  frequency change with increased depth 
The 
The d i s p a r i t y  between t h e  actual  and predicted 
I n  addi t ion,  a frequency change of  “50 Hz would be expected 
Figure 32 shows the  v a r i a t i o n  of predicted damping with cavi ty  depth for  
various values of  t h e  amplitude parameter I’$/yp. 
correspond t o  t h e  undamped case shown previously i n  Fig. 
i s  introduced it becomes more unl ikely t h a t  a frequency of -2600 Hz could be 
reached. 
The curves for  I‘$/ypo = 0.0 . Thus, as damping 
The foregoing ana lys i s  of cav i ty  e f f e c t s  shows t h a t  frequencies of  2300 t o  
2900 Hz a r e  possible  as a r e s u l t  of cavi ty  e f f e c t s  alone but very unlikely.  
Nevertheless, t h e  r e s u l t s  from f u l l - s c a l e  t e s t i n g ,  espec ia l ly  those obtained 
by Aerojet, show t h e  cavi ty  t o  have a s i g n i f i c a n t  e f f e c t  under some circumstances. 
. This observation suggests t h a t  cavi ty  e f f e c t s  may interact with other  effects, 
probably t h e  feed system, t o  cause t h e  2300 t o  2900 Hz o s c i l l a t i o n .  
Analysis of Feed/Injection System Acoustics 
An indicat ion of  the  p o s s i b i l i t y  of  feed system o s c i l l a t i o n  i n  the  frequency 
range of 2300 t o  2900 Hz was obtained from a ca lcu la t ion  of t h e  simple 
(uncoupled) resonant frequencies of various portions of t h e  system. 
These r e s u l t s  suggested t h e  need f o r  a more thorough ana lys i s  of t h e  feed 
system, allowing f o r  coupling between t h e  components. Therefore, such an 
analysis  was developed. 
f o r  t h e  system sketched below: 
This model was obtained by solving the  wave equation 
R-9686 
3-25 
4 
M 
c 
0 
II 
b 
0 0 
0 0 
d N 
m M 
d 
N 
I 
0 0 
0 0 a e 
N N 
d 
N 
0 
N 
c 
.P 
n 
s 
0 
c o b  
- n  
0 0 1  
h c, 
> a 
N O  
*r 
d 
0 
0 
0 
N 
N 
0 
0 
0 
N 
A= 
w e 
0 
& 
>- 
+J 
> 
m 
V 
A= 
+J 
.- 
.- 
3 
v) z .- 
+J 
m 
I 
m > 
> u 
IZ 
Q 
=I 
0- 
Q 
I 
LI 
U 
a, 
w 
u 
-0 
a, 
I 
a 
.- 
.- 
c 
M 
a, 
I 
J 
cn 
LI 
.- 
R-9686 
3-26 
0 0  
n I1 
. .  
00 
I II 
0 
Q 
;r- 
\ 
k 
<a 
0 0 0 
0 
N 
0 
4- 
0 
\D m m cr\ 
O V \ O r n  
I-0 
0 0  00 
, .  . .  
II II II ii 
0 
0 
0 
II 
C .- 
c 
4- 
II 
V 
a, 
v) 
\ 
c, 
v- 
0 
h 
Ln 
m 
II 
V 
0 
0 
0 m 
0 0 
0 0 
4- N 
N N 
00 
0 
0 
0 
0 
CL 
E 
rp n 
> 
m 
V 
.- 
V 
C 
P) 
S 
U 
a, 
I 
LL 
-a 
a, 
c, 
V .- 
75 
a, 
I 
a 
re 
0 
ti .- 
4-J 
m .- 
I 
m > 
a, 
I 
3 
0 
LL 
.- 
R-9686 
3-27 
Feed Line Man i fol ds 
Feed Passages r Ring Manifolds 
Inject 
I I 
I 
I 
I 
1 
- J  
on Orifices 
Calculations with t h i s  model f o r  t he  f u e l  and oxidizer  systems showed t h a t  a 
la rge  number of modes were possible  i n  t h e  frequency range of i n t e r e s t .  
Although the re  are several  modes with frequencies near those observed, t h e  
upward s h i f t  i n  frequency t h a t  occurred a f t e r  i n s t a l l a t i o n  of t he  manifold 
dams was not predicted.  
fue l  system are not s u f f i c i e n t  t o  f i rmly conclude t h e  2300 t o  2900 Hz behavior 
is  due t o  p a r t i c u l a r  modes i n  t h i s  port ion of t he  feed system. 
do show the  la rge  number of modes possible  and suggest t h a t  f u r t h e r  ana lys i s  
could lead t o  an accurate  pred ic t ion  of observed behavior. 
Therefore, t he  r e s u l t s  from t h i s  ana lys i s  of t h e  
The r e s u l t s  
A similar ana lys i s  of t h e  oxidizer  system f o r  purely longi tudinal  modes 
yielded r e s u l t s  which were more compatible with t h e  observed behavior. 
examination of the  tes t  da ta  from t h i s  program showed clear evidence of a 
first tangent ia l  type of  angular dependence of t he  pressure d i s t r ibu t ion .  
Thus, t h e  r e s u l t s  from t h e  ana lys i s  of t h e  oxid izer  system do not permit t he  
. f i r m  conclusion t h a t  t he  2300 t o  2900 Hz behavior i s  due t o  t h i s  por t ion  of 
the  feed system e i t h e r .  
However, 
Conclusions Regarding 2300 t o  2900 Hz Osc i l la t ion  
Results from t h e  ana lys i s  e f f o r t  do not permit t he  mode o r  modes of o s c i l l a -  
t i o n  t o  be i d e n t i f i e d  f u l l y .  
o s c i l l a t i o n  is caused by cavi ty  effects alone. 
i s  influenced by the  cav i ty  entrance configuration. 
influenced by dams i n  t h e  fue l  manifold and, i n  addi t ion,  it appears t o  have 
a f i r s t  tangent ia l  type of  pressure d i s t r i b u t i o n  with the  nodal pos i t ion  
influenced by t h e  fue l  i n l e t  pos i t ion .  
t i o n  i s  associated with an in t e rac t ion  between the  f u e l  i n j ec t ion  system and 
However, it appears very unl ikely t h a t  t h i s  
Nevertheless, t h e  o s c i l l a t i o n  
This o s c i l l a t i o n  i s  a l s o  
These r e s u l t s  suggest t h a t  t h e  o s c i l l a -  
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cavity effects. The cavity influence may result from interaction between 
the oscillatory jet emerging from the cavity and the injection/combustion 
processes of adjacent injection elements. 
The available test data suggest that this mode has not occurred in the 
10-inch diameter chambers. 
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4.0 REGENERATIVE COOLING INVESTIGATIONS 
The use of  e l e c t r i c a l l y  heated tubes and channels was shown t o  provide 
an economical method of obtaining valuable s teady-s ta te  and t r ans i en t  
da ta  t o  assist i n  the  design of  regenerat ively cooled t h r u s t  chambers. 
More than 300 t e s t s  were conducted under Tasks V I I ,  I X ,  and XI11 of t h e  
present  contract .  These t e s t s  provided da ta  on hea t  f lux  capab i l i t y  of 
regenerat ively cooled chambers, t h e  a b i l i t y  of  a hot chamber t o  s ta r t  
successfu l ly  with MMH or  50-50 fue l s ,  and t h e  a b i l i t y  of an MM4 cooled 
chamber t o  inges t  helium e i t h e r  as d i s c r e t e  bubbles o r  i n  dispersed form. 
Test summaries are presented i n  Tables 16 through 2 2 .  
a r e  reported i n  d e t a i l  i n  NASA-CR-141672, 134282 and 141560~ 
These inves t iga t ions  
4.1 STEADY-STATE BURN OUT IEAT FLUX CAPABILITIES 
Various types of hardware were used t o  simulate regenerat ively cooled 
t h r u s t  chamber operat ion.  I n i t i a l l y ,  simple c i r c u l a r  tubes such as t h a t  
shown i n  Fig.33 were used t o  obta in  one-dimensional da ta  on t h e  hea t  
f l ux  c a p a b i l i t i e s  of MMH and 50-50 propel lan ts .  
t o  copper terminal blocks and heated by the  passage of e l e c t r i c  cur ren t .  
The tes t  se tup  showing t h e  heated tube, t he  e l e c t r i c a l  and propel lant  
connections, and the  GN2-purged box ( for  sa fe ty)  are shown i n  Fig. 34. 
A s  t h e  hea t  f l ux  (current)  i s  gradual ly  increased, thermocouples welded 
t o  t h e  outs ide  of t he  tube ind ica t e  a gradual increase i n  temperature 
u n t i l  a po in t  is  reached where the  t r a n s i t i o n  t o  f i l m  bo i l ing  occurs. 
A t  t h i s  po in t ,  t h e  temperatures r ise rap id ly  and t h e  t e s t  is  terminated. 
This condition depends on the  temperature, pressure,  and t h e  ve loc i ty  of 
the  coolant i n  t h e  tube a t  the  downstream s i d e  of t h e  heated tube.  
These three  parameters (temperature and pressure are combined i n  t h e  sub- 
cooling parameter) are cor re la ted  i n  Fig. 35 f o r  50-50 f u e l  and Fig.36 
f o r  MMH. A f a i r  amount of s c a t t e r  e x i s t s  i n  t h e  50-50 data ,  but t h e  hIMH 
da ta  co r re l a t e s  t h e  parameters f a i r l y  well. The co r re l a t ion  curves 
derived f o r  both t h e  propel lan ts  were q u i t e  similar. 
incorporated i n t o  a two-dimensional thermal model t o  p red ic t  burnout 
conditions and s a f e t y  f a c t o r s  f o r  t h e  design of t h e  first regenerat ively 
cooled ONE (demonstrator) t h r u s t  chamber. The r e s u l t s  of t h e  heated tube 
t e s t s  ind ica ted  t h a t  t he re  was no d i f fe rence  i n  t h e  heat  f l u x  c a p a b i l i t i e s  
with sa tura ted  o r  unsaturated MMH. 
The s t e e l  tube was brazed 
These d a t a  were 
The r e s u l t s  of t he  heated tube t e s t s  were a l s o  used t o  design channels 
having t h e  cross-sect ion of  t h e  regenerat ively cooled chamber near t h e  
injector-end. 
The U-shaped channel i s  closed out  by brazing a s t r i p  o f  s t e e l  t o  t h e  top  
of  t h e  U. 
Figure 37 is  a photograph o f  a typ ica l  heated channel design. 
A copper s t r i p  brazed t o  the  base of t h e  U and brazed t o  t h e  
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- 
Test 
- 
1 
2 
3 
' 4  
5 
6 
7 
8 
9 
10 
11 
12 
13 
14  
1s 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 - 
- 
Fual 
50 
TABLE 16. HEATED TUBE TEST SUMMARY 
Tube I.D. 
in. 
0.055 
0 055 
0.069 
0,055 
I ,  
0.069 
t 
0,055 
f 
0.069 - 
- Q4 
Btu/in -sec 
5 
5 
7 
1.5 
2 
3 
3 
3 
5 '  
2 
2 
3 
4 
4 
4 
' 4  
' 4  
6 
6 
6 
6 
6 
4 
2 
1,s 
2 
2.5 
2 .5  
2 
2.5 
2.5 
2.5  
- 
Test 
___. 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 
45 
.46 
47 
48 
49 
so 
5 1  
52 
53 
54 
55 
56 
57 
58 
. 5 9  
60 
6 1  
62 - 
Fuel 
H 
Tube I.D. 
in. 
0.055 
0.069 
0.055 
- QIA, 
2 
2 .5  
2.5 
2 .5  
4 
2 
2 
2.5 
2.5 
2.5 
4 
4 
4 
5 
. s  
5 
5 
5 
4 
5 
5 
* 5  
Btu/in -sec 
5 '  
6 
6 
5 
5 
5 
5 
6 
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Test 
2 
Tube I n i t i a l  
Material Temp, F 
1- 1 
1-2 
1-3 
1-4 
1-5 
1-6 
1-7 
1-8 
I 1-9 
' 1-10 
1-11 
1-12 
' 1-13 
1-14 
1- 15 
1-16 
: 1-17 
* 1-18 
1-19 
I 1-20 
I 
: 1-22 
1-23 i 
' 1-24 
' 1-25 
1 1-26 
I 1-27 
i 1-28 1 1-29 
1 
I 
Coolant V e l .  
( f t / sec)  Remarks 
CRES 
800 
1580 
1 
350 
! 810 
< 
D. 1 
TABLE 17 
OME HOT-START SIMULATION TESTS WITH MMH 
I lgo 
I 280 i 1 300 
i 630 
I 
3 
i 1000 
f 1200 
& 
1200 
! 1070 
70 i 
1500 
: 1610 
620 
980 
. 1210 
1590 
600 
1030 
1210 
1600 
i 
I 
CRES No. 2 
Electroformed 310 
Nickel 1 
890 1 1130 
I 1580 
! 
NOTES: Tube dimensions = 0.25" O.D. X0.035" wall X 4.0" 
No. 1 and No. 2 are i d e n t i c a l  samples. 
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TABLE 18 
OME HOT-START SIMULATION TESTS WITH 50-50 
Material Temp, F 
CRES No. 1 
I 
750 
1020 
1280 
1625 
1260 
1620 
1310 
1610 
Electroformed 1 646 
N :kel 
1220 
1600 
1115 
1600 
1200 
1620 
Zoolant Vel. 
( f t/ sec) 
10 
10 
10 
10 
8 
8 
5 
5 
10 
10 
10 
8 
8 
5 
5 
Remarks 
Juenched without t perature overshoot 
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T A B L E 1 9 .  SINGLE RECTANGULAR CHANNEL TEST DATA SUMMARY 
24 2.97 0 6 . 1  41 
Froth - 3.17 4 .  E 8 . 6  
25 42 
3 . 3 0  12.5 11.4 
3 . 2 5  3 9 . 5  13 .9  
B.O. 5.80 0 13.4 
I -. 26 43 
27 44 
.I# 
28 45 
29 46 
30 47 >-c -  6 . 4  15.5 Kcpent hest So, 36 
Auto cug before s t a b i l i z e d  Froth - _ _  _- -- 
Froth _ _  Varied -- 
Froth - 3.92 
Efovics ,f varioLs ite- inpcs t ion  l e \  e ls  3 1  48 7 Cfn*,1ns - -.  
32 ; , i ; ,  - 
33 
34 
Adjusted for equivalent  l - D  heat  flux - does not i n c l u d e -  - 
heat generation i n  lands or c l o s e o u t  
35 I 1 1 1 I 1 
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TABLE 14 (Concluded) 
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TABLE 20. ROUND TUBE TEST SUMMARY 
He1 ium 
Volume Coolant 
Percent Veloci t 
@ I n l e t  ( f t / sec )  
Test I Ll%:t Heated Length 
( i n . )  
1 I 8.9 ICheckoutl I 
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Y 
TABLE 2% HELIUM BUBBLE INGESTION TEST SUMMARY - 
CIRCULAR TUBE TEST SECTION 
R-9686/4-8 
TABLE 21A.  HELIUM BUBBLE INGESTION T E S T  SUMMARY 
RECTANGULAR CHANNEL T E S T  SECTION 
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TABLE 22. THREE-CHANNEL PANEL TEST DATA SUMMARY 
REMARKS 
* Plugged center  channel s imulation 
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Figure 34. Heated Tube Hardware And Facil i t y  
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terminal bars  t o  provide t h e  e l e c t r i c a l  heating along the  one surface 
thus simulating t h e  two-dimensional heating which occurs i n  a th rus t  
chamber. Heated channel tests were conducted i n  Tasks I X  and X I 1 1  of 
t h e  cont rac t .  The r e s u l t s  from tes ts  conducted i n  Task X I 1 1  are shown 
i n  Fig. 38. The good agreement between t h e  predicted and experimental 
values va l ida t e s  t h e  use of t h e  da t a  from t h e  round tube tests, with 
an appropriate  thermal model, f o r  t h r u s t  chamber design purposes. One 
of t h e  sets of da ta  shown In  Fig. 38 is f o r  t h e  channel geometry of 
t he  f l i g h t  OME designed by Aerojet. The o the r  set of  da ta  represents  
a channel geometry which emphasizes t h e  two-dimensional asymetric heating 
a f f e c t  of a channel w a l l  chamber. 
Final ly ,  i n  order  t o  demonstrate t h a t  t h e  single-channel t e s t s  produced 
va l id  da ta  as compared t o  t h e  multi-channel heating which occurs i n  a 
regenerat ively cooled chamber, a series of tests was conducted with 
e l e c t r i c a l l y  heated panels having th ree  channels. 
graph of one of t h e  tes t  sect ions.  
i n  Fig. 40. 
d i f f e r e n t  e l e c t r i c a l l y  heated lengths  on the  same specimen. The sandwich 
construction of t h e  heated sec t ion  i s  similar t o  t h a t  of t h e  heated 
single-channel sect ion.  The tes t  da ta  shown graphica l ly  i n  Fig.41 i l l u s -  
t r a t e s  t h e  exce l len t  agreement between da ta  taken on s ing le  and mul t ip le  
channe 1 s . 
Figure 39 is  a photo- 
The sec t ion  i s  shown schematically 
The th ree  bus bars  provide an opportunity t o  tes t  th ree  
4.2 ADVERSE OPERATING CONDITIONS 
The OME may be required t o  s t a r t  with a chamber which is  hot  because of 
soak-out from a previous f i r i n g  o r  because of t h e  heat ing a f f e c t s  of 
o ther  engines. In  order  t o  determine whether detonations o r  foul ing 
would occur as a r e s u l t  of these  starts, tests were conducted with e l e c t r i c -  
a l l y  heated tubes.  To s imulate  t h e  mater ia l s  of  construct ion used i n  t h e  
OME t h r u s t  chamber, t h e  tubes were made of electroformed n icke l  and CRES. 
The tubes were heated e l e c t r i c a l l y  with no propel lent  i n  t h e  tube. 
low power l eve l  required t o  br ing t h e  tubes t o  an equilibrium temperature 
without’cooling was maintained while t h e  coolant valve was open and 
coolant flowed through the  tube. Coolant flow r a t e s  as low a s  1/4 of t h e  
flow rate expected during start  was t e s t e d  a t  tube temperatures of up t o  
1600 F f o r  both materials. No instances of detonation o r  fouling occurred. 
The r e s u l t s  of these  tests were ve r i f i ed ,  t o  some extent ,  during subsequent 
t h rus t  chamber tests. 
The 
Tests were conducted with a s ing le  channel t o  determine i f  la rge  helium 
bubbles could be ingested i n t o  t h e  t h r u s t  chamber without overheating. 
Nominal propel lant  flow was i n i t i a t e d ;  a nominal heat  f l u x  was e l e c t r i c a l l y  
applied; and a bubble of  known volume was passed through t h e  heated tube 
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and subsequently followed by a continuation of nominal coolant flow. 
The temperature of  t h e  heated channel wall rose  while t-he bubble passed 
through t h e  channel and decayed when t h e  f r e s h  coolant entered. 
damage occurred to  t h e  heated channel hardware even though bubbles of 
durations up t o  1 .3  seconds were passed through t h e  heated hardware. 
Since it has been calculated t h a t  a l a rge  helium bubble would reach the  
i n j e c t o r  i n  approximately 0.3 seconds and r e s u l t  i n  a subs t an t i a l  
reduction i n  the  heat  f l ux ,  t h e  heated channel tes t  da t a  indicated t h a t  
the OME t h r u s t  chamber could t o l e r a t e  ingest ion of a massive helium 
bubble. 
these  da ta .  
No 
Subsequent t e s t s  with a complete t h r u s t  chamber ve r i f i ed  
Helium ingest ion as a dispersed mixture ( f roth)  could continue f o r  a 
r e l a t i v e l y  long time without an appreciable decrease o f  t h e  heat f lux.  
MMH with various amounts of helium ingested i n  t h i s  fashion was passed 
through the  heated channel i n  order t o  determine whether t h e  heat f lux  
co r re l a t ion  was a f fec ted  s i g n i f i c a n t l y  by the  helium ingested i n  t h i s  
manner. The t e s t  r e s u l t s  shown i n  F i g . 4 2 i n d i c a t e  t h a t  only a s l i g h t  
reduction i n  t h e  burnout heat  f l u x  capab i l i t y  r e s u l t s  from ingest ion of 
dispersed helium i n  quan t i t i e s  a s  la rge  a s  40 percent by volume. 
A test  s e r i e s  was conducted with t h e  three-channel panel t o  simulate 
plugging of one channel on an OME t h rus t  chamber. 
t h e  panel was plugged on t h e  upstream s i d e  for  most cases and on the  
downstream s i d e  f o r  one tes t  while nominal flow was maintained i n  t h e  
outer  two channels. 
The r e s u l t s ,  shown i n  Fig. 43 i nd ica t e  a s ign i f i can t  reducticjn i n  the  
f l u x  c a p a b i l i t i e s  of t h e  adjacent channels. 
t o  design chambers fo r  t h i s  off-design condition. 
The center  channel of 
No detonations occurred with e i t h e r  type of plugging. 
The da ta  shown can be used 
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5.0 DEMONSTRATION THRUST CHAMBER 
An experimental t h r u s t  chamber was designed, fabr ica ted ,  and t e s t ed  i n  
order  t o  demonstrate cr i t ical  design, fabr ica t ion ,  and operating regimes 
of a regenerat ively cooled OME reusable t h r u s t  chamber. The r e s u l t s  of 
these  demonstration chamber tests were incorporated i n t o  t h e  design of 
t h e  in tegra ted  t h r u s t  chamber (discussed i n  t h e  next sec t ion) .  Details 
of t h e  test program are described i n  NASA-CR-140321. 
were run on t h e  u n i t  f o r  an accumulated burn time of 1042 seconds. 
A t o t a l  of 1 1 2  tests 
5.1 DEMONSTRATOR CONFIGURATION 
The demonstrator t h r u s t  chamber assembly is  shown i n  Fig. 4 4 .  
s t r a t i o n  chamber was designed t o  c lose ly  simulate t h e  OME f l i g h t  
configurat ion as o r i g i n a l l y  envisioned. 
OME t h r u s t  chamber assembly shown i n  Fig. 45 includes the  in j ec to r ,  t h e  
regenerat ively cooled chamber and the  r ad ia t ion  cooled nozzle. 
t i on  cooled nozzle a t taches  a t  an area r a t i o  of 7 and extends t o  an area 
r a t i o  of 72 which corresponds t o  an external  e x i t  diameter of 50 inches 
at  the  6000-pound t h r u s t  l eve l  f o r  a chamber pressure of 125 ps i a .  The 
regenerat ively cooled t h r u s t  chamber uses channel wall construct ion with 
an uppass coolant c i r c u i t  from an area  r a t i o  of 7 t o  the  i n j e c t o r  and has 
a contract ion a rea  r a t i o  of 2 .  The tapered contour from t h e  i n j e c t o r  t o  
t h e  th roa t  favors boundary layer  buildup and enhances coolant character-  
i s t i c s  a t  t h e  th roa t .  The chamber has an in t eg ra l  aux i l i a ry  f u e l  cooling 
r ing  which contains 180 o r i f i c e s  using 6.4 percent o f  t h e  f u e l  (2.4 percent 
of t h e  propel lan ts ) .  This aux i l i a ry  f i l m  coolant reduces t h e  f u e l  tempera- 
tu re  r i s e  and t h e  r e su l t an t  regenerat ive coolant jacke t  pressure drop. 
The regenerat ive coolant channels a r e  machined i n t o  a CRES l i n e r  and 
closed out with electroformed n icke l .  
The demon- 
The f l i g h t  configuration of t h e  
The radia-  
The in j ec to r ,  f i l m  coolant r ing ,  and t h r u s t  chamber are bol ted together  
t o  allow g rea t e r  f l e x i b i l i t y  during t h e  test  program. The i n j e c t o r  and 
t h e  f i l m  coolant r i ng  can be r ead i ly  changed and t h e  fuel flow can be 
control led separa te ly  t o  t h e  in j ec to r ,  coolant r ing,  and regenerat ive 
coolant j acke t .  
c h a r a c t e r i s t i c s  similar t o  t h a t  of t h e  f l i g h t  nozzle and i s  s imi l a r ly  
attached. The bol ted nozzle assembly a l s o  f a c i l i t a t e s  shipping of t h e  
( f l i g h t )  engine and allows simple replacement of t h e  nozzle if damaged 
during ground operat ions.  
The shor t  r ad ia t ion  cooled nozzle extension has soakback 
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The CRES f i l m  coolant r i ng  a t  t h e  head-end of t he  f l i g h t  chamber forms 
a p a r t  o f  t h e  acous t ic  cavi ty  and a l s o  d i r e c t s  fue l  coolant from t h e  
regenerat ive coolant jacke t  t o  t h e  in j ec to r .  The r ing  i s  EB welded t o  
the  CRES l i n e r  and nickel  i s  electroformed over the  l i ne r / r ing  assembly. 
The i n j e c t o r  and manifold a r e  then EB welded i n  place.  A l l  welds are 
inspectable  and no weld is  required t o  s e a l  hot gases from t h e  chamber 
d i r e c t l y .  
In  t h e  demonstrator chamber, fue l  flows from t h e  regenerat ive coolant 
jacke t  co l l ec to r  manifold t o  the  transfer manifold i n t o  t h e  i n j e c t o r  
and f i l m  coolant manifolds by t r a n s f e r  tubes.  
coolant jacke t  i s  dumped during t h e  bypass mode of operation. 
seals are used t o  prevent hot-gas leakage during operat ion of t h e  bolted 
assembly. As i n  t he  f l i g h t  configuration, t h e  nickel  is  bonded t o  t h e  
CRES a t  a l l  po in ts  during t h e  electroforming operation. 
braze j o i n t  of t h e  two d i s s imi l a r  metals is required.  
Fuel from the  regenerat ive 
Double 
No weld o r  
Predicted performance of both the  f l i g h t  and demonstrator t h r u s t  chamber 
assemblies a r e  shown i n  Table 23 and t h e  pressure budgets i n  Table 2 4 .  
The coolant jacke t  pressure drop of t h e  demonstrator chamber i s  iden t i ca l  
t o  t h a t  of t he  f l i g h t  configuration. 
g rea t e r  than t h a t  of t h e  f l i g h t  configuration because of t h e  g rea t e r  
f l e x i b i l i t y  designed i n t o  t h e  demonstrator t o  provide f o r  i n j e c t o r  and 
f i l m  coolant r ing  changes and t o  permit t e s t i n g  with separa te  flows t o  
t h e  coolant jacke t  and i n j e c t o r .  
the  s tar t  t r a n s i e n t  and was 
tes t  program by sequencing of t he  propel lant  valves. 
The demonstrator f u e l  volumes a r e  
The volume d i f fe rence  pr imari ly  a f f e c t s  
compensated f o r  during the  demonstrator 
Thrust Chamber Design Detail Select ion 
The area  r a t i o  a t  which the  t r a n s i t i o n  from regenerat ive t o  r ad ia t ion  
cooling i s  made i s  determined by t h e  r ad ia t ion  cooling capab i l i t y  of  
the  nozzle. Original heat  t r a n s f e r  evaluation indicated t h e  need f o r  
a high temperature r e f r ac to ry  material such a s  Columbium a l l o y  C-103 
t o  reduce regenerat ive chamber heat loads. 
a t u r e  capab i l i t y  of 2400 F a t  10 percent overpressure,  t h e  r e s u l t i n g  
a t t a c h  area r a t i o  was determined t o  be about 7 : l .  
indicated reduced heat  t r a n s f e r  r a t e s  such t h a t  e i t h e r  conventional 
mater ia l s  (L-605 o r  CRES) could be u t i l i z e d  or  the  Columbium nozzle 
attached a t  a lower a rea  r a t i o .  
Based on an operat ing temper- 
Subsequent t e s t i n g  
The chamber contract ion r a t i o  se l ec t ion  i s  based on considerat ion of 
vaporization e f f ic iency ,  aux i l i a ry  f i l m  coolant flow requirements, and 
t h e  a t tendant  performance losses ,  pressure budget f a c t o r s ,  and engine 
weight effects, as expressed i n  Table 25. The vaporizat ion e f f ic iency  
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increase as the  contract ion r a t i o  i s  increased i s  based on company 
sponsored i n j e c t o r  tes t  r e s u l t s .  F i l m  coolant flow requirements 
decrease with increasing contract ion r a t i o  because of t h e  reduced heat 
f l ux  i n  the  combustor. This e f f e c t  a l so  reduces t h e  regenerat ive coolant 
jacke t  pressure drop requirements and the  pressure drop of t h e  combustion 
gases i n  the  chamber decreases.  Increasing t h e  contract ion r a t i o  
increases  t h e  weights of t h e  combustor, i n j ec to r ,  gimbal r ing ,  and 
ducting. 
t i o n  r a t i o  of 2 provides higher equivalent performance than e i t h e r  t h e  
contract ion r a t i o s  of 1 .5  o r  3 .  
Combination of  a l l  of these  e f f e c t s  ind ica tes  t h a t  t h e  contrac- 
The na tura l  frequency i n  t h e  f i r s t  t angent ia l  mode of a t h r u s t  chamber 
decreases a s  contract ion r a t i o  increases .  
t h e  more suscept ib le  the  chamber i s  t o  acous t ic  i n s t a b i l i t i e s  and t h e  
l a rge r  t h e  acoust ic  cavi ty  must be t o  e f f ec t ive ly  suppress them. 
s t a b i l i t y  considerations tend t o  dr ive  t h e  contract ion r a t i o  t o  lower 
values. 
In order  t o  insure s t a b i l i t y ,  t h e  contract ion r a t i o  o f  2 was se lec ted .  
This r e s u l t s  i n  an I sp  penal ty  of only about 0.2 sec. as  compared t o  the  
optimum 2 . 3  contract ion r a t i o .  
The chamber length se l ec t ion  was based on a t rade-off  o f  performance and 
cooling sa fe ty  f ac to r  consideration. The per t inent  t r ade  f ac to r s  a r e  , 
summarized i n  Fig. 4 6 .  Overall performance va r i a t ions  a r e  seen t o  be 
qu i t e  small f o r  lengths ranging from 14 t o  17  inches. The ac tua l  length 
se lec ted  (14.7 in )  was towards the  lower value i n  the  event t h a t  heat 
t r a n s f e r  r a t e s  were higher than an t ic ipa ted .  
The lower t h e  na tura l  frequency, 
Tnus, 
(Baff les  can be i n s t a l l e d  a t  the  expense of complexity and weight.) 
The f i n a l  dimensions and contour f o r  t h e  regenerat ively cooled demonstrator 
t h r u s t  chamber a r e  shown i n  Fig. 47 .  
R2, was a compromise between preventing excessive reductions i n  the  loca l  
contract ion a rea  r a t i o  and providing a gradual tu rn  to  enhancebocndary 
layer  buildup. The th roa t  approach rad ius ,  R 1 ,  was se lec ted  by again 
avoiding la rge  regions of low contract ion area r a t i o  while a t  the  same 
time avoiding too rapid a tu rn  a t  t h e  th roa t  which would decrease t h e  
aerodynamic discharge coe f f i c i en t .  The value of the  downstream th roa t  
contour rad ius ,  Rg, was based on considerations o f  f ab r i ca t ion ,  coolant 
enhancement due t o  high curvature,  and maintaining a low a rea  i n  the  high 
f l u x  region. 
The la rge  contour convergent radius ,  
The se lec ted  chamber f ab r i ca t ion  technique was channel wall. 
t i o n  technique was determined t o  have grea te r  l i f e  than double wall and 
lower heat load than a tube wall design (due t o  curved tube surface) .  
The tube wall design a l so  has po ten t i a l  hot-gas leak paths where t h e  
tubes are brazed together .  
This construc- 
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An uppass flow c i r c u i t  was selected with t h e  coolant enter ing a t  an 
area r a t i o  of  7, flowing through the  th roa t  and combustor and ex i t i ng  
d i r e c t l y  i n t o  t h e  in t eg ra l  manifold of  t h e  in j ec to r .  This e l iminates  
the  r e tu rn  l i n e  and separate  in j ec to r  d i s t r i b u t i o n  manifold required 
i n  a downpass design. 
but would be somewhat more expensive t o  f ab r i ca t e  and could r e s u l t  i n  
s l i g h t l y  higher pressure drop as compared t o  the  s ing le  uppass design. 
A one and one-half pass configuration was considered 
The se l ec t ion  of t h e  number of channels and channel geometry was based 
on two-dimensional conduction considerations.  This  geometry i s  most 
c r i t i c a l  i n  t he  in j ec to r  region where t h e  hea t  f luxes are reasonably 
high and t h e  land width i s  considerably grea te r  than a t  the  th roa t  
port ion.  In order t o  minimize injector-end land width, it i s  necessary 
t o  minimize the  land width a t  t h e  throa t  and maximize the  number of 
channels. Once these  two items are spec i f ied ,  t h e  r e s u l t a n t  channel 
width i s  uniquely defined based on th roa t  diameter. 
Based on ease of  fabr ica t ion ,  a minimum th roa t  land width of 0.040 inches 
was se lec ted .  
transfer penal ty  indicated t h a t  beyond 180 channels t he  gain was 
negl ig ib le .  
A study of t he  e f f e c t  of number of channels on 2-D heat 
The r e s u l t i n g  channel width was 0.060 inches. 
Thermal Charac te r i s t ics  
The channel height p r o f i l e  was determined from considerations of t h e  
loca l  coolant s a f e t y  fac tor ,  Wl cooling capab i l i t y  (as discussed 
previously) and heat f l u x  p r o f i l e .  
chamber, a nominal cooling sa fe ty  f ac to r  of 2 was u t i l i z e d  with t h e  
f u r t h e r  r e s t r i c t i o n  t h a t  t h i s  sa fe ty  f a c t o r  not  f a l l  below 1.5 a t  
extreme off-design conditions.  ( A t  t h i s  time, t h e  off-design values 
were Tin = 90 F, Pc = 1 1 2  p s i a  and MR = 1.85.)  
In  the  design of the  demonstrator 
The chamel  height p r o f i l e ,  heat f l u x  p r o f i l e  and r e su l t i ng  pressure 
and wall temperature p r o f i l e s  a r e  presented i n  Fig. 48 t h r u  51 a t  nominal 
condition. 
such as a minimum coolant ve loc i ty  o f  5 f t / s e c ,  and a s t e p  change i n  t h e  
nozzle channel width from 0.060 t o  0.120 inches t o  reduce channel height 
and nozzle weight. 
and o u t l e t  manifold losses  estimated t o  be about 2 p s i  t o t a l .  
The f i n a l  design r e s u l t s  r e f l e c t  addi t ional  cons t ra in ts  
The coolant pressure p r o f i l e s  do not include i n l e t  
The r e s u l t a n t  2-D coolant sa fe ty  fac tor  p r o f i l e s  are presented i n  Fig. 52 
f o r  both nominal and extreme off-design conditions.  
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Thrust Chamber Life 
The f ac to r s  which en te r  i n t o  t h e  th rus t  chamber l i f e  ana lys i s  are shown 
i n  Fig. 53. 
fa t igue  damage. However, t h e  creep damage f o r  t h e  regenerat ively cooled 
engine is  extremely small. 
excess o f  t h e  w a l l  temperature even a t  off-design conditions,  t h e  damage 
f r ac t ion  due t o  creep i s  only 0.2 percent.  
The l i f e  ana lys i s  includes t h e  effect of  both creep and 
For CRES a t  1000 F which is considerably i n  
The Universal Slopes pred ic t ion  method was u t i l i z e d  i n  conjunction with 
t h e  calculated s t r a i n  p r o f i l e  t o  determine f a t igue  l i f e  of t he  demonstra- 
t i o n  chamber. The s t r a i n  
induced i n t o  t h e  s t a i n l e s s  s t e e l  l i n e r  of t h e  chamber r e s u l t  pr imari ly  from 
thermal gradients  between t h e  hot inner  wall and t h e  cold outer  wall. 
due t o  pressures  and t h r u s t  are neg l ig ib l e ,  
a maximum of approximately 7.5 X 10-3 inches pe r  inch s l i g h t l y  upstream of 
t h e  throa t .  This r e s u l t s  i n  t h e  f a t igue  l i f e  p r o f i l e  shown i n  Fig. 54. 
The minimum l i f e  region i s  immediately upstream of t h e  th roa t  where t h e  
predicted l i f e  was approximately 7000 cycles.  
of electroformed nickel  were obtained subsequent t o  f ab r i ca t ion  of t h i s  
chamber. This da ta  ind ica tes  t h e  l i f e  t o  be approximately 4000 cycles.  
Since t h e  required l i f e  i s  1000 starts, t h i s  provides a safe ty  f ac to r  of 
approximately 4 on fa t igue  l i f e .  
Details of t he  ana lys i s  are given i n  Appendix C.  
S t r a ins  
The s t r a i n  d i s t r i b u t i o n  reaches 
More recent  da ta  on s t rength 
A two dimensional ana lys i s  of t h e  nozzle and at tached f lange was performed 
i n  order t o  ind ica t e  t h e  maximum temperatures t h e  O-ring seal and t h e  
regenerat ive i n l e t  manifold w i l l  experience during operation. 
analyses indicated a maximum temperature of 2300 F, s l i g h t l y  below t h e  1 
dimensional predict ion.  
excess of 100 F were predicted.  
j o i n t  was calculated t o  be approximately 5000 cycles.  
These 
Temperatures a t  t h e  i n l e t  manifold somewhat i n  
The minimum fa t igue  l i f e  of t he  nozzle 
Life analyses were conducted f o r  a l l  cri t ical  port ions and f a i l u r e  modes 
of t h e  r ad ia t ion  cooled nozzle. The most c r i t i c a l  locat ion f o r  creep on 
t h e  Columbium nozzle i s  a t  low area r a t i o s  where t h e  temperature and t h e  
pressure and th rus t  s t r e s s e s  are most severe.  
t he  stress rupture  time was determined t o  be i n  excess of 10 
Even under t h  se conditions,  4 hours. 
Transient Thermal Analysis 
S t a r t  and shutdown analyses were conducted t o  uncover po ten t i a l  problem 
areas i n  t h e  f l i g h t  OME, t o  ve r i fy  s i m i l a r i t y  between t h e  thermal t r ans i en t  
c h a r a c t e r i s t i c s  of t h e  f l i g h t  and demonstrator t h r u s t  chambers, and t o  
determine t h e  test durat ions required t o  obta in  s teady-s ta te  thermal conditions.  
Hot w a l l  temperature t r ans i en t s  were determined f o r  t h e  regenerat ively 
cooled t h r u s t  chamber. The t r a n s i e n t s  a r e  t h e  same f o r  t h e  f l i g h t  and 
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for the demonstrator chambers since channel geometry is identical. 
Throat temperatures stabilized within approximately 1 second while the 
slowest responding temperatures at the coolant inlet location are nearly 
stabilized in 5 seconds. Temperature transients for the flight and 
demonstrator nozzle extensions were also determined. In 20 seconds the 
maximum temperatures are nearly reached in the demonstrator nozzle. 
at 10 seconds of operation almost 90 percent of the equilibrium temper- 
ature rise has taken place. 
30 seconds. 
more rapid. 
20 seconds for the flight nozzle. 
more than 60 seconds are required to reach complete thermal equilibrium. 
Even 
Complete equilibrium requires approximately 
Temperature transients for the flight nozzle are somewhat 
In the attachment region thermal equilibrium occurs within 
At the exit of the nozzle (G = 72) 
To analyze orbital start and soakback conditions, a thermal model was 
constructed with assumptions delineated in Table 2 6 .  Major components 
of the engine were modeled and the vehicle view factors estimated from 
vehicle contractor drawings. 
following shutdown were investigated. The residual fuel in the jacket 
is sufficient to prevent any temperature spikes at cutoff and the tempera- 
tures of all components decrease monotonically. The temperature transient 
for a 7-day soakout in space was also studied. 
balanced after approximately one day by heat gain from the surrounding 
vehicle. After one day, no further change in temperature takes place. 
All temperatures in the regeneratively cooled portion of the engine are 
well above the freezing point of the fuel and the injector and valve 
temperatures are above the freezing point of the oxidizer. Thus, no 
freezing problem is seen to exist during a long soak in space. 
Engine soakback transients immediately 
Heat l o s s  to space is 
The primary concern during a start in space is that propellant will freeze 
through vaporization and plug injector or coolant jacket passages. To 
evaluate this, the start model was used to simulate a start after a long 
chill in a space environment. The results are shown in Fig. 55.. In the 
- analysis, the fuel temperature is calcuhted at various locations 
through the system as the fuel loses heat through vaporization and 
transfers heat with the surrounding materials. 
tures are based on the results of the soakout analysis. 
decreases at first, then very rapidly begins to increase in temperature 
so that even at an inlet temperature of 40 F the fuel does not freeze. 
Initial material tempera- 
The fuel temperature 
The most severe freezing condition would be encountered if, after a space 
chill of longer than one day, the OME were fired for a short duration SO 
that propellants primed the engine, but only a small amount of heat was 
generated by the firing. 
firing of the OME are described in Fig.56. 
The results of such a condition with a one-second 
Components in contact with the 
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MMH remain above t h e  freezing point  (-62 F) of t h e  f u e l .  Components i n  
contact with t h e  oxidizer  reach t h e  NTO freezing point  (12 F) indicat ing 
some degree of f reezing o f  res idual  NTO and p o t e n t i a l  restart problems. 
None of t h e  current  mission duty cycles  include such a shor t  f i r i n g  
duration,but i f  such a requirement should develop, the  condition can be 
improved by maintaining t h e  NTO a t  warmer than 40 F or using heaters  on 
t h e  oxidizer  feed system downstream of the  engine valve. 
OMEi S e n s i t i v i t y  
S e n s i t i v i t y  analyses were conducted t o  determine t h e  effects of off-design 
engine i n l e t  conditions on engine performance and safety.  
s teady-state  model was used t o  analyze the  e f f e c t s  of i n l e t  pressure and 
temperature var ia t ions  on chamber pressure and mixture r a t i o .  The model 
includes var iab le  C* effects and the  pressure drops through individual 
components. 
Fig. 57 where 10 p s i  var ia t ions  i n  individual tank pressure a r e  shown 
t o  affect mixture r a t i o  by approximately 0.1 u n i t s  and chamber pressure 
by l e s s  than 4 p s i  f o r  NTO i n l e t  pressure var ia t ions  are less than 2 p s i  
f o r  Mhlf-l i n l e t  pressure v a r i a t i o n s ,  I n l e t  temperature e f f e c t s  a r e  even 
l e s s  s ign i f icant  over t h e  expected temperature ranges and p a r t i c u l a r l y  
s ince  t h e  i n l e t  temperatures are not expected t o  d i f f e r  (between,NTO and 
MMH) by more than approximately 10 F.  The e f f e c t s  of these var ia t ions  
on performance are a l s o  shown i n  Fig. 57. The chamber pressure e f f e c t  
is  seen t o  be negl ig ib le  while the  mixture r a t i o  e f f e c t  can r e s u l t  i n  
performance v a r i a t i o n s  of almost 2 seconds. 
The effects of chamber pressure on t h e  nominally designed regeneratively 
cooled t h r u s t  chamber wall temperature was invest igated.  
wall temperature near the  throa t  region increases  from a nominal value 
of approximately 760 F t o  s l i g h t l y  over 900 F i f  the  chamber pressure is  
increased from 125 t o  200 p s i a .  Operation is  c e r t a i n l y  safe under these 
conditions but t h e  design l i f e  i s  s l i g h t l y  reduced. 
pressure and mixture r a t i o  a f f e c t  t h e  coolant sa tura t ion  temperature, 
bulk temperature r ise  and coolant veloci ty .  
a s t rong e f f e c t  on the  coolant s a f e t y  fac tor .  
these  e f f e c t s  on t h e  demonstration chamber are summarized i n  Figs. 58 and 59 
These r e s u l t s  ind ica te  t h e  demonstrator i s  capable of  considerable 
off-design operation. 
Another off-design condition is  the  presence of gas i n  t h e  propel lants  
p a r t i c u l a r l y  i n  t h e  f u e l  used t o  regenerat ively cool t h e  chamber. The 
gas may be present i n  so lu t ion  o r  i n  the  d i s c r e t e  gas phase. Pressurizing 
gas i n  so lu t ion  cons t i tu tes  no problem because t h e  s o l u b i l i t y  of helium 
i n  MhlH increases with temperature. 
An engine 
The r e s u l t s  of i n l e t  pressure var ia t ions  are p lo t ted  i n  
The maximum 
. 
Variations i n  chamber 
These fac tors ,  i n  turn,  have 
The r e s u l t s  of a study of 
Analysis indicated t h a t  helium i n  
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solution at engine inlet pressure and temperature will remain in solution 
through the engine. 
saturated MMH and indicate no effect on the burnout correlation as 
discussed previously. 
Heated tube tests have been conducted with helium 
The presence of undissolved helium in the form of a continuous bubble was 
studied using a 2-D channel transient conduction model. 
this study, shown in Fig. 60, indicate a maximum wall temperature of 1290 F 
at 0.3 second after the bubble enters the chamber. Bubble duration in 
excess of 0.3 seconds would result in fuel depletion and combustion 
would cease. Structurally, the wall is actually capable of uncooled 
operation for almost one second. If the helium ingestion were uniformly 
distributed in a froth type flow, there would be some degradation in MEfH 
cooling as discussed previously, 
The results of 
5.2 DEMONSTRATOR THRUST CHAMBER AND NOZZLE FABRICATION 
Manufacturing operations for the OME regeneratively cooled thrust chamber 
are shown schematically in Fig. 61 and pictorially in Figs.62 
Fabrication of the CRES liner is begun by spinning to the approximate 
contour. 
electroform is applied to prepare the surface for the final electroform. 
Channels are then cut and their dimensions verified. Nickel electroform 
is applied and machined to provide an outer wall thickness of 0.030 inches. 
Al1,channels are then cleaned and their flow characteristics determined. 
Manifolds, flanges, and ducts are machined and welded to the thrust chamber 
ass&mbly. Final machining is followed by a proof and leak pressure test 
and a flow calibration of the completed assembly. 
through 65. 
Inside and outside contours are then machined and a light nickel 
The nozzle extension was fabricated from a Columbium WC103 ring forging. 
This forging is machined to provide the 30 degree inside conical contour 
and the flange for attaching to the regeneratively cooled thrust chamber. 
After machining the nozzle is annealed and a final machining accomplished. 
A silicide coating is then applied and the nozzle mounted on the thrust 
chamber. TheThfust Chamber-Assembly is shown in Fig. 66. 
5.3 DEMONSTRATION CHAMBER TEST PROGRAMS 
The basic objective of test programs conducted at Rocketdyne and NASA facili- 
ties (described in Appendix A) was to evaluate performance, heat flux and 
operating characteristics of the OME demonstrator thrust chamber assembly 
over the anticipated range of operating conditions. 
were broken down into groups of tests, called test sequences, having specific 
detailed objectives. 
The test programs 
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Figure 66. Demonstrator Thrust Chamber Assembly 
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CTL-IV Tests 
A t o t a l  of nine sequences were planned t o  be'conducted a t  Rocketdyne's 
CTL-IV, of  which three  were completed (Table 27). 
resu l ted  i n  delay of subsequent planned tests u n t i l  t h e  WSTF test  program. 
The L/D #1 in j ec to r  was used i n  a l l  sequences. 
seven tests conducted i n  t h e  bypass coolant mode with decreasing amounts 
of coolant, increasing duration, and increasing mixture r a t i o  during t h e  
sequence. 
coolin& mode covering the  complete ranges o f  chamber pressure (110-140 
ps ia )  and mixture r a t i o  (1.45-1.85). The 19 tests conducted f o r  sequences 
1 and 2 i n  the  bypass mode were general ly  successful except t h a t  t h ree  
tests a t  low chamber pressure gave ind ica t ions  of flow separat ion i n  t h e  
nozzle rendering t h e  th rus t  measurement inval id .  
For Sequence 3 t he  engine was plumbed t o  the  regenerat ive cooling config- 
ura t ion  and four  t e s t s  were made of varying durat ion a t  t he  nominal 
conditions.. These were followed by a nine tes t  matrix covering t h e  complete 
chamber pressure and mixture r a t i o  range. 
successful except f o r  th ree  low-pressure tests, where separat ion again 
took place; and one tes t  i n  which t h e  d i g i t a l  da ta  system was inoperative.  
The last test  of t h i s  sequence was prematurely terminated at 190 seconds 
due t o  a f a c i l i t y  malfunction which damaged t h e  chamber and prematurely 
ended t h i s  phase of t h e  test program. 
A f a c i l i t y  malfunction 
Sequence 1 consisted of 
Sequence 2 was a series of 1 2  ten-second tests i n  t h e  bypass 
Operation of  these tests were 
The engine was mounted i n  a vacuum can where a l t i t u d e  was maintained by a 
LOX/alcohol hyperflow system. 
nozzle ex i t  near ly  f lush  with a duct through which the  hot  gas was 
expelled. 
against  the  i n l e t  manifold of t h e  regenerat ive chamber, placing a load 
i n  excess of 6000 pounds on t h e  engine, as indicated by the  th rus t  measurement. 
The test was terminated, a t  which time the  duct collapsed and imparted a 
shock load on t h e  engine i n l e t  i n  excess of 10,000 pounds ( thrus t  pegged 
o f f  s ca l e ) .  
an overpressure i n  t h e  test cell.  
The engine was mounted with t h e  
During the  test the  water cooled duct overheated and expanded 
Subsequent t o  t h i s  f a i l u r e ,  t he  cell  c losure blew of f  due t o  
Inspection of t h e  chamber indicated t h a t  t he  outer  wall was damaged 
loca l ly  but  t h e  hot  wall d id  not  crack. 
t h e  throa t  t o  deform one percent i n  diameter; and one of  t h e  channels 
deformed, causing a 33 percent r e s t r i c t i o n  i n  flow area. 
wall was repaired by electroforming (Fig.67 ). Thermal ana lys i s  of t h e  
engine indicated t h a t  it would operate s a t i s f a c t o r i l y  with the  deformed 
channel, which e f f ec t ive ly  simulates a p a r t i a l l y  plugged channel condition. 
The nonaxisymmetric load caused 
The nickel  back 
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No. of 
Tests 
7 
12 
9 
6 
12 
5 
3 
6 
12 
10 
11 
15 
TABLE 27 
T E S T  PROGRAM SUMMARY 
Hardware Configuration 
L/D #l Injector; Bypass 
Cooling 
Same 
1 
L/D It1 Injector; 
Regenerative Cooling 
1 Same 
A l l  Regenerative Cooled 
L/D Iy2 Injector 
L/D #2 Injector w/o 
Aux F i l m  Cooling 
L I D  #1 Injector w/o 
Am F i l m  Cooling 
t Same 
L/D tl Injector with 
Aux F i l m  Cooling 
1 Same 
1 Same 
Same 
Tes t  Purpose 
Checkout 
Chamber Pressure and Mixture 
Ratio Survey 
Checkout 
Chamber Pressure and 
Mixture Ratio Survey 
Checkout 
Chamber Pressure and Mixture 
Ratio Survey 
Same with no Film Coolant 
Checkout 
Pc and O/F Survey with 
No F i l m  Coolant 
Chamber Pressure and 
Mixture Ratio Survey 
Pc and O/F 
Saturated Propellant 
High and Low Pressure 
Survey 
Pc and O/F Survey with 
50-50 Fuel 
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Figure 67. Reworked Demonstration Chamber 
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White Sands Tests 
The tests conducted a t  WSTF included several  engine configurat ions 
(Table 2 7 ) .  
i n  Fig. 67 was used f o r  a l l  t e s t s .  The first tests were conducted with 
the  L/D #2 i n j e c t o r  with the  f i l m  coolant r i ng  flowing fue l  a t  approximately 
2 percent 
conducted during the  f i r s t  sequence with durat ions ranging up t o  10 seconds 
a t  nominal conditions.  
The repa i red  regenerat ively cooled t h r u s t  chamber shown 
of  t h e  t o t a l  p rope l lan t  flow rate. A t o t a l  of s i x  t e s t s  were 
Sa t i s f ac to ry  operat ion o f  t h e  repaired t h r u s t  chamber was demonstrated 
a t  nominal and under abnormal operat ing conditions.  Pa r t i cu la r ly ,  t he  
nominal start  sequence included an oxid izer  i n j ec t ion  lead and t h e  
shutdown sequence consis ted of a f u e l  r i c h  shutdown. 
malfunction, an excessively f u e l  r i c h  s ta r t  caused by a 1% second oxid izer  
valve opening delay occurred. In addi t ion ,  during later tests,  a slow 
closing oxid izer  valve caused several  100 mill isecond oxidizer  r i c h  
shutdowns. 
the  hardware was i n  exce l len t  condition a f t e r  t h e  t e s t s .  Also, on two 
t e s t s ,  t h e  oxid izer  flow meters were e r r a t i c ,  ind ica t ing  the  p o s s i b i l i t y  
of res idua l  gas bubbles i n  the  oxid izer  feed system; however, no i n s t a b i l i -  
t i es  were observed i n  engine operat ion.  Test  da ta  appeared t o  be va l id  
on four  of these  checkout tests, with t h e  exception t h a t  a small ox id izer  
leak i n  the  f a c i l i t y  could have degraded performance by approximately 1 
percent.  
chamber pressure and mixture r a t i o  range. 
Due t o  a f a c i l i t y  
The t h r u s t  chamber operated smoothly during these  tests and 
The second sequence consis ted of 1 2  tests over t he  complete 
P o s t t e s t  inspect ion showed t h a t  the  f i l m  coolant r i ng  had been s l i g h t l y  
eroded and the  uncooled acous t ic  cav i ty  i n s e r t  r i n g  had been warped. 
items are not  f l i g h t  configurat ion and were included only t o  permit tes t  
f l e x i b i l i t y .  In  t h e  f l i g h t  hardware, f i l m  coolant w i l l  be supplied from 
the  i n j e c t o r  and t h e  acous t ic  cavi ty  in t eg ra l  with the  cooled chamber. 
These 
The engine was reassembled with an uncooled spacer i n  place of t he  boundary 
layer  coolant r ing ,  and a s e r i e s  of f i v e  t e s t s  conducted t o  explore engine 
performance without boundary l aye r  coolant.  The t e s t  da t a  indicated t h a t  
f u e l  was leaking i n t o  t h e  t h r u s t  chamber and p o s t t e s t  hardware inspect ion 
revealed t h a t  t h e  i n j e c t o r  indeed had become s u f f i c i e n t l y  d i s t o r t e d  a t  
the  O-ring seal t o  permit massive f u e l  leakage t o  t h e  chamber. Data 
ana lys i s ,  delayed u n t i l  after completion o f  t h i s  tes t  sequence, indicated 
t h a t  leakage was present  as e a r l y  a s  t h e  f i f t h  t es t  of  t h e  f i r s t  (checkout) 
t e s t  sequence a t  WSTF. 
The t h r u s t  chamber was i n  no way damaged during these  tests,  and was 
reassembled with the  L/D #1 i n j e c t o r  and the  s o l i d  spacer r i n g  i n  place 
o f  t he  f i l m  coolant r ing .  Three checkout tests and s i x  performance survey 
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tests were made without aux i l i a ry  f i l m  coolant.  
indicated a va r i a t ion  and discrepancy i n  oxidizer  flow. 
f a c i l i t y  checkouts after completion of t h e  nonfilm cooled tes t  series 
indicated a check valve f a i l u r e  allowing oxid izer  leakage i n t o  a ni t rogen 
purge l i n e .  Performance da ta  is  somewhat questionable,  because t h e  leak 
occurred downstream of the  oxidizer  flow meters. 
Data from these  tests 
Subsequent 
The engine was reassembled with t h e  repa i red  f i l m  coolant r ing .  The 
r e p a i r  consisted of sea l ing  t h e  leaking area of t h e  coolant r i ng  and 
Rokide coating t h e  surface exposed t o  combustion chamber gases.  Twelve 
tests were conducted t o  complete a performance survey over t h e  ranges 
of chamber pressure and mixture r a t i o .  This was followed by a t e n - t e s t  
sequence covering t h e  same ranges with t h e  propel lan ts  sa tura ted  with 
helium a t  225 ps i a .  A s e r i e s  of eleven tests was then conducted with 
chamber pressures  ranging up t o  178 p s i a  ( the f a c i l i t y  l imi t )  t o  demon- 
s t r a t e  operat ion o f  t h e  th rus t  chamber a t  conditions near t he  Space Tug 
design f o r  ea r th  s to rab le  engines. The s e r i e s  a l s o  included tests down 
t o  100 p s i a  chamber pressure t o  simulate t h e  blow-down conditions r e s u l t -  
ing from a vehicle  pressur iza t ion  system f a i l u r e .  
were sa tura ted  with helium a t  165 p s i a  f o r  these  tests. 
The f i n a l  t e s t  s e r i e s  was conducted with 50-50 as t h e  f u e l .  
were again sa tura ted  with helium a t  165 p s i a  f o r  these  15 tests.. The 
t e s t s  were conducted a t  chamber pressures ranging from 100 t o  179 p s i a  
and mixture r a t i o s  ranging from 1.48 t o  1.86. One t e s t  was conducted f o r  
a durat ion of 30 seconds. The durat ion was l imited t o  30 seconds because 
of t he  s u s c e p t i b i l i t y  of t he  f i l m  coolant r i ng  t o  overheat.  
After t h e  tests, t he  t h r u s t  chamber and in j ec to r  were i n  excel lent  condition, 
while t h e  f i l m  coolant r i ng  was again s l i g h t l y  eroded i n  t h r e e  places.  
Both propel lants  
The propel lants  
5.4 DEMONSTRATION CHAMBER TEST RESULTS 
The tes t  conditions and a s teady-s ta te  da t a  summary f o r  a l l  t h e  t e s t s  
conducted on the  regenerat ively cooled demonstration t h r u s t  chamber are 
summarized i n  NASA-CR-140321. A t o t a l  of 1 1 2  tests was conducted-for a 
cumulative durat ion of 1042 seconds. Chamber pressures  ranged from 100 
p s i  t o  almost 180 p s i  and mixture r a t i o s  from 1:4 t o  1:9. Figure 68 is 
a graphic presenta t ion  of t he  d i s t r i b u t i o n  of chamber pressure and mixture 
r a t i o  po in t s  t e s t ed  during t h e  program. 
S t a r t  And Shutdown Charac te r i s t ics  
The th rus t  and chamber pressure t r ans i en t s  depend on valve sequencing, 
f a c i l i t y  and engine f low res i s tance ,  f a c i l i t y  and engine volumes, ambient 
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pressure, and steady-state operating conditions. Some oscillating of 
the servo controlled fuel throttling valve at the CTL-IV facility 
generally occurred distorting the start transients, so that the transients 
demonstrated at the mite Sands Test Facility are more typical of vehicle 
operation. 
the L/D #I injector is shown in Fig. 68A. 
A typical start sequence for the demonstration chamber with 
First major rise in the oxidizer injector pressure leads the fuel injector 
pressure rise by approximately 300 milliseconds. There is no overshoot in 
chamber pressure, although some damping of the trace is probable due to 
the configuration of the tube from the chamber to the transducer. The 
thrust overshoot is approximately 60 percent of the steady-state value 
and the oxidizer pressure overshoot is approximately 30 percent of its 
steady-state value. 
The start transient for a similar oxidizer lead with the No. 2 like-doublet 
injector is similar to the transient characteristics of L/D #1 injector. 
The injector/thrust chamber combinations tested in this program have 
demonstrated the ability to start safely over a range of propellant inlet 
conditions and sequences, which allows considerable flexibility in design 
of flight valve and ducting configurations. 
The oxidizer valve was scheduled to close prior to the fuel valve so 
that the heat input to the regeneratively cooled jacket would decay 
before the coolant flow decayed. 
in Fig. 68B,theoxidizer injection pressure decayed slightly before the 
fuel injection pressure as planned. 
Test 1-1B-3, the fuel valve closed approximately 100 milliseconds before 
the oxidizer valve closed, resulting in an oxidizer-rich shutdown. 
However, posttest inspection indicated no hardware damage resulted from 
this shutdown. Notonly was the thrust chamber undamaged by this shutdown 
sequence, but the shutdown transient data indicated that severe exothermic 
overheating of the fuel did not occur. 
In the typical shutdown transient shown 
Due to a facility malfunction on 
The heat sink capability of the channel wall design is sufficient t o  
tolerate oxidizer rich shutoffs of this magnitude. 
and, consequently, heat flux, decay significantly with the reduction of 
fuel injection pressure, it is probable that even longer oxidizer rich 
shutdowns could be tolerated. 
Since chamber pressure 
Stability Characteristics 
No high or low frequency instability was recorded over the entire range 
of chamber pressures and mixture ratios tested with either MMH o r  50-50 
fuels with either the L/D #1 or L/D # 2  injector. All configurations relied 
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on acous t ic  c a v i t i e s  without b a f f l e s  t o  maintain s t a b l e  operat ion.  
Axial accelerometers i n s t a l l e d  on t h e  engine t h r u s t  mount t yp ica l ly  
showed dis turbances of  10-20 g ' s  RMS a t  start  and no s ign i f i can t  a c t i v i t y  
during t h e  tests.  
Performance Charac te r i s t ics  
Performance i s  summarized f o r  a l l  tests i n  t h e  Demonstration Chamber 
Test Data Dump. The method of ca lcu la t ing  performance from t h e  t e s t  da ta  
i s  described i n  Appendix B. Performance i s  shown i n  Fig.  69 versus 
mixture r a t i o  f o r  the t e s t s  with unsaturated NTO and MMH using the  L/D #1 
i n j e c t o r  a t  CTL-IV and WSTF. Performance on t h e  t e s t s  a t  nominal condi- 
t i ons  with 2 percent aux i l i a ry  f i l m  coolant a t  CTL-IV averaged approximately 
310 seconds. A one percent improvement i n  i n j e c t o r  performance i s  predicted 
with minimum development. Performance measured a t  WSTF was s l i g h t l y  over 
308 seconds a t  nominal condi t ions.  The deformed nozzle (as a r e s u l t  of 
t he  CTL-IV malfunction) may have r e su l t ed  i n  a s l i g h t  performance degrada- 
t i o n  a t  WSTF. 
The WSTF da ta  shown i n  t h i s  f i gu re  were taken on tests of 7 seconds 
durat ion ( the  2-3 test  sequence). Tes ts  a t  WSTF indicated a trend of 
increasing performance with durat ions even beyond 10 seconds. 
durat ion t e s t ,  t he  performance increase between da ta  s l i c e s  taken a t  7 
seconds and 30 seconds ( the  durat ion of  t h e  tes t )  was g rea t e r  than 1% 
seconds. Performance increases  of 0.2-0.5 seconds between the  7 and 10 
second da ta  s l i c e s  were typ ica l  f o r  t e s t  s e r i e s  No. 2.  The reason f o r  
t h e  performance va r i a t ion  with time a t  WSTF i s  not  c l e a r  a t  t h i s  time. 
One long durat ion tes t  with da ta  was conducted a t  CTL-IV.  
i nd ica t e  f a i l u r e  o f  t h e  supplemental f i l m  coolant r i n g  began approximately 
25-30 seconds i n t o  t h e  t e s t .  Performance da ta  from 5-20 seconds does not 
i nd ica t e  a s i g n i f i c a n t  performance increase during t h i s  time. Also, 
performance measured on the  sho r t e r  durat ion tests a t  CTL-IV were i n  
. good agreement with the  da ta  from t h i s  longer tes t  as shown i n  Fig.69 . 
On a long 
Thermal da t a  
A s  shown, t h e  performance a t  nominal conditions agrees within 1 / 2  percent 
a t  the nominal conditions between the  two t e s t  faci l i t ies .  Longer durat ion 
t e s t s  a t  WSTF may r e s u l t  i n  near ly  pe r fec t  agreement of s p e c i f i c  impulse 
measurements between t h e  f a c i l i t i e s  a t  a value o f  310 seconds. Theoret ical  
and measured performance and losses  are shown i n  Table 28. 
The va r i a t ion  of performance with chamber pressure and mixture r a t i o  
measured a t  WSTF over the  ranges f o r  which the  demonstrated was designed 
i s  shown i n  Fig. 70 f o r  unsaturated propel lan ts  and approximately 2 percent 
f i l m  cooling. An increase  i n  performance o f  approximately l-second occurs 
a t  t h e  upper end of t he  nominal operat ing range of  t he  OME (Pc = 140 ps i a ,  
o / f  = 1 .8 ) ,  compared t o  performance a t  nominal conditions.  Peformance 
decreases by approximately 3 seconds operat ing a t  a chamber pressure of 
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110 p s i  and a mixture r a t i o  of  1.45. 
CTL-IV a t  off-design chamber pressures  d i d  not show the  trend. 
pressure da t a  was inva l id  
indicated a s l i g h t  pressure loss .  
Performance da ta  measured a t  
Low 
due t o  nozzle separat ion.  High pressure da t a  
Performance with NTO/MMH and the  L/D #1 i n j e c t o r  without f i l m  coolant was 
determined a t  WSTF during test sequence 2-1. During these  tests, a 
f a c i l i t y  oxid izer  l e a k  occurred a t  t he  s t a r t  of  each t e s t  and decayed 
during t h e  t e s t .  
and is  probably responsible  f o r  erratic performance on t h e  first few t e s t s  
of t h e  series. 
tests with f i l m  coolant i n  which the  performance was as high o r  higher 
than the  tests without f i l m  coolant.  
This leak  decreased performance t o  an unknown extent  
The da ta  a l s o  appear questionable when compared t o  subsequent 
Performance with helium sa tura ted  propel lan ts  i s  shown i n  Figs.69b and 69c. 
A performance penal ty  of approximately 1-second r e s u l t s  under nominal 
operat ing conditions.  The shape of  t he  measured performance curve a t  
140 p s i a  chamber pressure and 225 p s i a  sa tu ra t ion  pressure appears t o  be 
more s e n s i t i v e  t o  mixture r a t i o  compared t o  the  rest of t h e  data .  
t h e  point  a t  nominal mixture r a t i o  i s  cons is ten t  with a l l  o ther  da ta .  
However, 
Operating a t  a chamber pressure of 175 p s i a  would increase t h e  performance 
by about 4 seconds. An OME der iva t ive  used f o r  a Space Tug appl ica t ion  
would operate  a t  a chamber pressure of  approximately 240 p s i a  and would 
have a s i g n i f i c a n t l y  higher area r a t i o .  The 100 p s i a  t e s t  conditions 
simulate the  e f f e c t  of vehic le  pressur iza t ion  system f a i l u r e .  
ance l o s s  of  over 1 percent occurs under these  conditions r e l a t i v e  t o  
performance a t  t he  design point .  
A perform- 
The performance of  NTO with helium sa tura ted  50-50 f u e l  and t h e  #1 l ike -  
doublet i n j e c t o r  i s  shown i n  Fig. 69d. The nominal mixture r a t i o  f o r  
t h i s  propel lant  conibination is 1.60 f o r  equal tank volumes. A t  t h i s  
mixture r a t i o  and a chamber pressure of 125 ps ia ,  a performance l eve l  of 
approximately 310 seconds was measured. 
durat ion.  
These t e s t s  were of 7 seconds 
Operating a t  a high mixture r a t i o  with t h i s  propel lant  combination r e s u l t s  
i n  a performance l o s s  ( r a the r  than a performance gain as was t h e  case 
with NTO/MMH). I t  was predicted a n a l y t i c a l l y  and shown i n  NASA-CR-128675, 
the.Data  Dump f o r  Task I and 11, t h a t  both ODK and del ivered Is f o r  
NTOIEIMH peaks a t  a higher value of o / f  than f o r  NT0/50-50. 
and 47 of t he  same reference ind ica t e  NT0/50-50 performance t o  be 2 . 2  
seconds higher than NTO/MlH a t  1.6 and 1.65 o / f ,  respec t ive ly .  
of approximately 1 second i n  performance occurs a t  a chamber pressure of 
140 ps i a .  Performance s e n s i t i v i t y  t o  chamber pressures  is  approximately 
t h e  same as with the  NTO/bWl combination, as shown i n  Fig. 71 which 
summarizes the  WSTF data .  
Figures 46 
A gain 
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The L/D # 2  i n j e c t o r  was t e s t e d  a t  WSTF during Ser ies  1. Fuel leakage 
rendered most of t h e  da ta  unusable. The remaining da ta  are questionable 
because of  a possible  oxid izer  leak i n  t h e  f a c i l i t y  and t h e  sho r t  durat ions 
( in  view of t h e  t r a n s i e n t  performance measured on longer durat ion t e s t s )  
of these  tests. The r e s u l t s  i nd ica t e  performance equal t o  o r  lower than 
the  L/D #1 i n j e c t o r .  
company sponsored program a t  Rocketdyne indicated s l i g h t l y  higher 
performance f o r  t he  L/D #2 i n j e c t o r .  
Previous comparisons of these  in j ec to r s  during a 
Thermal Data 
Thermal da t a  taken during the  tests a t  both f a c i l i t i e s  consisted of fue l  
bulk temperature r i s e ,  regenerat ive chamber back wall temperatures, and 
r ad ia t ion  cooled nozzle temperatures. These data ,  together  with the  da ta  
generated during t h e  heated tube tests under t h i s  cont rac t ,  were used t o  
provide an ind ica t ion  of  t he  sa fe ty  margin a t  which the  t h r u s t  chamber 
and nozzle were operat ing.  
Bulk Temuerature Rise and Heat Load 
Coolant i n l e t  and o u t l e t  temperatures, AT'S, and the  heat load f o r  a l l  
tests a r e  tabulated i n  t h e  Demonstrator Test Data Dump. Fuel i n l e t  and 
o u t l e t  temperatures were each measured i n  th ree  locat ions.  Three bulk 
temperature rises were calculated based on the  th ree  o u t l e t  temperature 
thermocouples. 
reference temperature f o r  a l l  t h ree  
i n l e t  and general  agreement with the  fue l  flowmeter temperature thermocouple. 
Temperature rises ca lcu la ted  i n  t h i s  manner genera l ly  agree with each 
o ther  within 5 percent f o r  t he  bypass cooled tests a t  CTL-IV and within 
10 percent f o r  the regenerat ively cooled t e s t s  a t  t he  same f a c i l i t y  with 
A T3 genera l ly  exhib i t ing  the  lowest value and 
The i n l e t  temperature thermocouple TFB-6 was used as the  
AT'S because of  i t s  proximity t o  t h e  
AT2 the  highest .  
The th ree  coolant temperature r i s e  measurements taken a t  WSTF general ly  
agreed within 5 percent except f o r  t h e  las t  ha l f  of t he  las t  test  series, 
2-5 (NT0/50-50), on which AT1 and AT3 genera l ly  agreed within 6 F ,  . 
while AT2 was about 15 F higher.  The da ta  f i t  f o r  these  l a t t e r  t e s t s  
was improved by basing AQ on AT1 and AT3 only f o r  these  cases. 
The response of  t h e  coolant bulk temperature a t  t he  o u t l e t  f o r  a typ ica l  
co ld - s t a r t  tes t  a t  CTL-IV indicated t h a t  two of t he  th ree  o u t l e t  temperatures 
reach s teady-state  condi t ions i n  approximately 5 seconds, while t h e  t h i r d  
requi res  almost 9 seconds t o  reach steady s t a t e .  
responding measurement reached approximately 96 percent of s teady-s ta te  
value i n  5 seconds. Most t e s t s  were about 10 records durat ion with the  
l a s t  tes t  a t  CTL I V  about 180 seconds. 
t u r e  t r a n s i e n t s  measured a t  WSTF a r e  shown i n  Fig.72 . 
However, even t h e  slow 
Typical average o u t l e t  bulk tempera- 
Most tests a t  
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WSTF were approximately 6 t o  10 seconds durat ion.  
response time f o r  these  tes ts  w a s  approximately 6 seconds. 
of 30-seconds duration. 
p lo t t ed  i n  Fig. 72,  ind ica tes  a similar t r ans i en t  f o r  t h e  first 7-10 
seconds; but  subsequently, t h i s  temperature continues t o  rise gradually,  
so t h a t  t h e  heat load measured at  7 seconds is  approximately 4 percent 
less than t h e  heat load at  30 seconds. 
based on WSTF da ta  may be four  t o  f i v e  percent below the  s teady-s ta te  value. 
A s i g n i f i c a n t  p a r t  of t h e  transient a t  both faci l i t ies  may be due t o  t h e  
massive e x i t  manifold which would not be present on the  f l i g h t  chamber. 
A f l i g h t  type 
which is discussed later. 
The bulk temperature 
One test  was 
The temperature t r ans i en t  f o r  t h i s  test, a l s o  
Thus, t h e  heat  loads reported 
e x i t  manifold was incorporated i n t o  t h e  in tegra ted  chamber, 
The average values of t h e  
through t h e  jacke t  and t h e  s p e c i f i c  hea t  of t h e  f u e l  t o  determine t h e  heat 
absorbed by t h e  fue l .  In 
chamber pressure f o r  t he  bypass cooled tests a t  CTL-IV with coded symbols 
t o  denote mixture r a t i o  ranges. 
t i o n  with P However, t he  measured absolute  values of 
t h e  heat logd were appraximately 10 percent lower than the  predicted 
values which were based on heat s ink chamber t e s t  da ta .  The e f f e c t  of 
mixture r a t i o  could not be dis t inguished except a t  t h e  lowest mixture 
r a t i o  conditions (o/f = 1.4 - 1.44).  
AT’S were mult ipl ied by t h e  f u e l  f lowrate  
Fig. 73 t h e  heat loads are p lo t t ed  versus 
These da ta  follow t h e  predicted varia- 
t o  t h e  0.8 power. 
The hea t  load r e s u l t s  f o r  t he  regenerat ively cooled tests are summarized 
i n  Fig. 74 f o r  a l l  t es t  conditions a t  both CTL I V  and WSTF. 
r e s u l t i n g  curves f o r  a l l  t e s t  conditions follow an approximate 0.8 power 
of Pc r e l a t i o n  which i s  as would be predicted.  
chamber length was 13.5 inches. 
The 
The regenerat ively cooled 
Both t h e  predicted and measured heat loads of t he  regenerat ively cooled 
chamber a t  CTL I V  are higher than t h e  corresponding r e s u l t s  with t h e  
separa te  coolant c i rcu i t  due t o  t h e  reduced effect iveness  of t h e  heated 
boundary layer  coolant.  
loads are about 15-20 percent less than predicted.  
with 2 percent BLC ind ica t e  approximately a 5 percent lower heat load as 
compared t o  CTL I V  r e s u l t s .  
f a c i l i t i e s .  
The experimental regnerat ive cooling heat  
The WSTF test r e s u l t s  
This i s  within t h e  da ta  scatter of both 
The WSTF tests a t  nominal BLC were conducted with both unsaturated and 
helium s taura ted  propel lan ts .  No d i f fe rence  i n  heat  load was noted i n  
these  tests due t o  propel lant  sa tura t ion .  
The r e s u l t s  of t h e  zero BLC t e s t s  conducted a t  WSTF ind ica t e  t h a t  t h e  
use of  2 percent fuel f i l m  coolant reduces t h e  heat load by about 20 
percent.  
cooling effectiveness. 
This is i n  agreement with t h e  theo re t i ca l  p red ic t ion  of f i l m  
Negligible effect of mixture r a t i o  on heat load 
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was noted i n  t h e  l imited tests with zero f i l m  cooling which is a l s o  i n  
agreement with theo re t i ca l  predict ion.  
The NT0/50-50 tests a t  WSTF were conducted with helium sa tura ted  fue l .  
The r e su l t i ng  hea t  load is  approximately 6 percent higher than c 
r e s u l t s  a t  WSTF with NTO/MMH. 
The e f f e c t  of mixture r a t i o  on heat  load f o r  a l l  tests with BLC was found 
t o  be almost negl ig ib le .  
heat  load with increasing mixture r a t i o .  The va r i a t ion  was less than 
55 percent about nominal which is  ac tua l ly  within the  da t a  scatter of 
t h e  test  f a c i l i t i e s .  
There appeared t o  be a s l i g h t  trend of increasing 
The experimental r e s u l t s  were used t o  p red ic t  minimum coolant sa fe ty  
f ac to r s  f o r  t he  demonstator chamber a t  both nominal and off-design 
conditions.  These f ac to r s  a r e  summarized i n  Table 29. 
No useful thermal da ta  were obtained with L/D # 2  i n j ec to r  because of 
t h e  b r i e f  durat ion of some of  t he  tests and the  f a c i l i t y  and engine 
leakage which occurred on the  longer t e s t s .  
Back Wall Temperatures 
Back wall temperatures were measured on t h e  th rus t  chamber t o  ind ica t e  
s teady-s ta te  values during operation and a l so  values a t  t h e  start  of 
each t e s t .  
required t o  operate  a t  maximum back wall temperature of less than 600 F. 
The s t a r t i n g  temperature o f  t he  back wall indicated values t o  which t h e  
back wall could be sa fe ly  heated by soakback o r  o ther  ex terna l  heat  
inputs  p r i o r  t o  start .  
t e s t  were presented i n  the  Demonstrator Test Data Dump. 
Back wall temperatures f o r  a s t a r t  from ambient conditions;  i .e . ,  t h e  
first tes t  series, a r e  shown i n  Fig. 75 f o r  a typ ica l  tes t  conducted 
a t  WSTF. 
heat f l u x  regions. 
i n  about 5 sec; and t h e  nozzle region i n  about 8 sec. 
curves f o r  each region ind ica t e  da ta  taken a t  t h e  various circumferent ia l  
locat ions.  Back wall temperatures on a hot  s t a r t  t e s t  a t  CTL-IV are 
shown i n  Fig. 76 .  Circumferential va r i a t ions  i n  t h e  i n i t i a l  temperatures 
of over 50 degrees were sometimes noted a s  a r e s u l t  o f t h e h o r i z o n t a l  
o r i en ta t ion  of t he  engine, va r i a t ions  i n  soakback, and possibly loca l  
blowback i n  t h e  a l t i t u d e  c e l l .  The in j ec to r  end, t yp ica l ly ,  experienced 
on ho t - t e s t  p r e s t a r t  temperatures. ' I n  t h e  most extreme case, the  s t a r t -  
ing temperature was over 400 F. 
t h e  s tar t  t r ans i en t  on these  tests. 
Steady-state values are s ign i f i can t  i n  t h a t  t h e  OME i s  
The s teady-s ta te  back wall temperatures f o r  each 
As would be expected, t he  response is  more rap id  i n  t h e  higher 
The th roa t  responds i n  about 3 sec; t h e  injector-end 
The mult iple  
No abnormalit ies were exhibi ted during 
R-9686 
5-56 
TABLE 29 
THERMAL SAFETY FACTORS BASED ON EXPERIMENTAL DATA 
I Safety 
NTO/MMH with 2% BLC 
NT0IMMI-I with no BLC 
NT0/50-50 with 2% BLC 
nctor (l-D) 
Off-Design** 
2.8 
1 .4  
2.2 
* Pc = 125 p s i a ;  Tbulk i n  = 70F; o/f  = 1.65 (MMH), 1.60 (SO-SO); 
Fuel I n j e c t o r A P  = 45 p s i  
** P C = 120 ps i a ;  Tbulk in = 100F; o/f  = 1.84 (MMH), 1.79 (SO-SO); 
Fuel I n j e c t o r A P  = 36 p s i  
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Hot start  t r a n s i e n t s  a t  WSTF general ly  did not  exhib i t  as high a 
s t a r t i n g  temperature a t  the  injector-end a s  was recorded a t  CTL-IV. 
This is  probably due t o  t h e  d i f fe rences  i n  procedures between tests 
a t  t h e  two facil i t ies.  
The a b i l i t y  of t h e  t h r u s t  chamber t o  s t a r t  without purges between f i r i n g s  
was demonstrated a t  CTL-IV by purging only after a tes t  series was 
completed. Heat from soakback and blowback r e su l t ed  i n  high temperatures 
after shutdown on these  tests. 
A t  WSTF t h e  engine was purged between tests. 
Experimental s teady-s ta te  back wall temperature measurements a t  nominal 
and off-design operat ing conditions a r e  compared with t h e  ana ly t i ca l ly  
predicted outer  p r o f i l e  i n  Figs. 77 
load was experimentally determined t o  be about 25 percent lower than 
predicted,  the  ana ly t i ca l  back wall temperature p r o f i l e  was based on 
a hea t  f l u x  p r o f i l e  which was 25 percent below t h e  o r i g i n a l l y  predicted 
p r o f i l e .  The off-design case exhib i t s  higher back wall temperatures 
due t o  increased coolant bulk temperature r e su l t i ng  from t h e  higher 
mixture r a t i o .  
and 78. Since t h e  ac tua l  hea t  
I n  t h e  combustion zone the  measured temperatures a r e  about 15-20 F lower 
than predicted outer  surface values.  The temperatures are,however, above 
t h e  predicted bulk temperature which they must be i n  a c t u a l i t y .  
nozzle region (x = 3.0 inch) t h e  measured temperature a l s o  appears 
approximately 10 F lower than predicted although t h e  fact t h a t  t h e  
measurement was made near t h e  region of t h e  s t e p  change i n  channel 
width tends t o  complicate t h e  r e s u l t s .  Longitudinal conduction would 
tend t o  smooth t h e  temperature p r o f i l e  i n  t h i s  region, thereby, making 
measured and predicted r e s u l t s  i n  b e t t e r  agreement f o r  t h e  75 F i n l e t  
temperature case. 
In  t h e  
In the  th roa t  region, t h e  measured temperatures a r e  about 20 F higher 
than predicted.  Theoret ical  ana lys i s  ind ica tes  t h i s  temperature increase 
i s  most l i k e l y  associated with a decrease i n  t h e  coolant f i l m  coe f f i c i en t  
along the  closeout surface due t o  th roa t  region curvature.  
higher back wall temperature could tend t o  increase chamber l i f e  due 
t o  a decreased temperature d i f f e r e n t i a l  between hot wall and closeout.  
I 
The somewhat 
Radiation Nozzle 
Limited experimental da ta  on s teady-s ta te  operat ion of t h e  shor t  Columbium 
rad ia t ion  nozzle extension e x i s t s  s ince  near ly  30 seconds tes t  durat ion i s  
required t o  achieve equilibrium temperatures. A s ing le  30-second tes t  
a t  CTL I V  with NTO/MMH indicated a maximum s teady-s ta te  temperature of 
about 1900 F. 
maximum nozzle temperature 
A similar tes t  a t  WSTF with NTO/50-50 propel lan ts  i nd ica t e  
of about 1600 F as shown i n  F i g . 7 9 .  
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A comparison of nozzle t rans ien t  temperatures f o r  MMH and 50-50 tests 
a t  shor te r  times (".lo seconds) ind ica te  lower nozzle temperatures with 
NTO/MMH propel lants .  The higher nozzle temperatures a t  CTL I V  may be 
due t o  f a c i l i t y  blowback and/or possible  nozzle flow separation. 
The predicted nozzle temperature of about 2200-2300 F f o r  t h e  shor t  
extension i s  considerably higher than t h e  experimental values.  
appears t h a t  f i l m  cooling carryover downstream of t h e  throa t  r e s u l t s  
i n  s i g n i f i c a n t  reduction of  t h e  rad ia t ion  nozzle temperature. 
an important r e s u l t  since it permits t h e  use of a more conventional 
nozzle extension mater ia l  with possibly s i g n i f i c a n t  cos t  savings. 
I t  
This i s  
Coolant Jacket AP 
The regenerative jacket  pressure drop versus flowrate i s  shown i n  Fig.80. 
I n l e t  and o u t l e t  pressures were measured a t  the  same locat ions i n  t h e  
manifolds of both faci l i t ies ,  and were therefore  comparable with t h e  
predicted pressure drop which did not include manifold losses .  
pressure drops f o r  t h e  regenerat ively cooled tests a t  CTL-IV are seen 
t o  be approximately 1 -2  p s i  below t h e  predicted values,  while da ta  taken 
a t  WSTF was approximately 1-2  p s i  above t h e  predicted value. 
The 
Pressure drops were a l s o  calculated by subtract ing t h e  f u e l  i n j e c t i o n  
pressure from t h e  regenerative coolant jacket  i n l e t  pressure.  
includes t h e  jacket  e x i t  manifold and crossover passage pressure drops. 
A much b e t t e r  consistency between these  da ta  from t h e  two faci l i t ies  
was obtained implying t h a t  a discrepancy e x i s t s  between the  coolant 
jacket  e x i t  pressures. 
i n j e c t o r  was examined and found t o  be low (generally < 2  p s i )  and some- 
times negative based on WSTF d a t a  compared t o  3-6 p s i  based on CTL-IV 
data .  The CTL I V  da ta  therefore  appears more credible .  However, a t  each 
f a c i l i t y ,  the AP values were obtained by subtract ing absolute  pressure 
measurements ($200 ps ia )  so  t h a t  such var ia t ions  a r e  within instrumenta- 
tion accuracies. 
using a d i f f e r e n t i a l  pressure transducer o r  by low pressure flow ca l ibra-  
t i o n  tests. 
This AP 
The AP from the  coolant jacket  e x i t  t o  t h e  fuel  
More prec ise  pressure drop da ta  should be obtained by 
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6.0 INTEGRATED THRUST CHAMBER 
6.1 DESIGN DESCRIPTION 
The demonstration chamber discussed previously was utilized to investi- 
gate effects of film and regenerative coolant flowrates and as such 
incorporated a separate film coolant injection ring and primary 
injector distribution manifold. 
chamber tests were utilized to aid in designing a nearly flight type 
OME chamber in terms of the head end configuration. In this chamber 
the acoustic cavity dams are integral with the chamber and are 
regeneratively cooled. 
injector and no separate fuel injection manifold is required. 
design configuration is referred to as the integrated thrust chamber 
(ITC) to differentiate it from the demonstration chamber. 
The results of the demonstrator 
The coolant channels feed directly into the 
This 
The basic design characteristics of the ITC are summarized in Table 30. 
The internal contour of the ITC is essentially the same as the demon- 
strator in terms of injector-to-throat length (14.7 inches) and con- 
traction ratio (2:l) based on the selection criteria discussed 
previously. 
the demonstrator configuration. 
chambers are: 1) head-end configuration, 2) film coolant injection 
technique, and 3) coolant channel geometry. 
The inlet manifold and nozzle attachment are identical to 
The primary differences between the two 
Head-End Configuration 
The head-end configuration of the ITC is depicted in Fig.81 for the 
various dual-mode acoustic cavity arrangements. 
(welded) configuration is also shown for comparison purposes. It is 
apparent that the only difference between the flight version and the ITC 
is the bolt flange to facilitate testing. The ITC could be readily 
converted to a flight configuration by machining off the flange and 
welding the injector directly to the chamber. 
The basic flight 
The acoustic cavities are integral with the chamber and regeneratively 
cooled (along with the dams) as shown in Fig.81. The use of regenera- 
tively cooled cavities and dams essentially eliminate the overheating 
problems incurred during the demonstrator tests wherein the cavity 
regions downstream of the injector were convectively cooled with the 
film coolant before injection. 
were part of the separate film coolant ring utilized in the demonstrator 
tests). 
(This section of the acoustic cavities 
The regenerative coolant from each channel is fed directly into the 
injector. The chamber, therefore, acts as an injector distribution 
manifold. This simplifies the injector design and reduces the overall 
coolant pressure drop. 
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TABLE 30 
INTEGRATED THRUST CHAMBER ASSEMBLY CHARACTERISTICS 
I N J ECTOR 
MATER I A L  
PATTERN 
D I AMETER 
S T A B I L I T Y  A I D E  
COMBUSTOR 
MATERIAL 
CONTRACTION RATIO 
LENGTH 
CONTOUR 
NOZZLE 
REGEN SECTION MATERIAL 
REGEN SECTION EXPANSION RATIO 
NOZZLE EXTENSION MATERIAL 
NOZZLE EXTENSION EXPANSION RATIO 
CONTOUR 
COOLANT 
CIRCUIT  
NUMBER OF COOLANT CHANNELS 
COOLANT PRESSURE DROP 
COOLANT BULK TEMPERATURE R I S E  
AUXILIARY F I L M  COOLANT 
3 2 1  CRES 
MULTI-ELEMENT LIKE-DOUBLET 
8.1 INCH 
MULTI MODE ACOUSTIC CAVITY 
I T  - 8 CAVlT IES 0.5 WIDE X 1.15 DEEP 
IR,3T - 4 CAVIT IES 0.5 WIDE X 0.42 DEEP 
3 2 1  CRES HOT WALL, ELFNI CLOSEOUT 
2: 1 
14.7 INCH 
TAPERED FROM 7 INCH UPSTREAM OF THROAT 
321  CRES HOT WALL, ELFNI CLOSEOUT 
TO 7:l  
S I L I C I D E  COATED COLUMBIUM 
7:1 to  9:l  
70 PERCENT BELL 
UP - PAS S 
1 2 0  
16 P S l D  
1 78 F (ANALYT I cAL PRED I CT I ON) 
2 PERCENT TOTAL PROPELLANT 
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Film Coolant Injection Technique 
Various film coolant injection techniques were considered for the ITC 
as shown in Table33. The reduced heat loads encountered in the demon- 
strator tests made it feasible to consider the simpler, though 
potentially less efficient, technique of injecting the film coolant 
from the primary injector across the acoustic cavities onto the wall. 
Based on a nominal fuel film coolant flowrate of 2.3 percent of total 
propellant flow, as determined from demonstrator tests, a minimum 
injection orifice diameter of 0.020 inches (to prevent possible plug- 
ging) and a fuel AP = 45 psi, the required number of injection orifices 
was determined to be sixty. 
Channel Geometry 
A more detailed channel geometry optimization was performed for the 
ITC in an attempt to reduce the required number of coolant channels. 
A reduction in number of channels is desirable from a cost standpoint 
and to make the chamber design more compatible with the reduced number 
of film coolant injection orifices, 
Coolant channel design is strongly dependent on local heat flux level 
and specified safety factor. The selected heat flux profile was that 
utilized in the design of the demonstrator chamber (Fig.48). Although 
the demonstrator experimental heat loads were about 20-25 percent lower 
than predicted it was felt that the potentially less efficient film 
coolant injection technique utilized in the ITC could offset this gain. 
The safety factor ground rule used in the ITC design was a minimum 
value of 1.5 (ratio of MMH burnout capability to local imposed heat 
flux level) at extreme off-design conditions. The off-design condi- 
tions were a chamber pressure of 120 psia, mixture ratio = 1.84 and a 
propellant inlet temperature of 100°F. 
off-design conditions is summarized in Table 32. 
The effect of number of channels on channel geometry for a constant 
channel width design is presented in Fig.82. 
and injector end land 
dependent on minimum throat land width as well as number of channels. 
The minimum channel height results from consideration of 2-D conduction 
effects in conjunction with heat flux level and desired safety factor. 
It is apparent that decreasing the number of channels results in 
increased channel width and injector-end land width. 
width at the injector end results in a 2-D conduction penalty with 
resultant increased velocity and reduced channel height. 
The rationale leading to these 
The maximum channel width 
width parameters are purely geometric and 
The increased land 
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The effect of number of channels on chamber pressure drop and weight 
are presented in Fig.83. Fewer channels result in increased pressure 
due to higher velocity requirement as discussed previously. 
large number of channels ( ,200) also tends to increase pressure drop 
due to the hydraulic diameter effect of small channels. 
number of channels also increases weight due to the increased channel 
(and land) heights. Converting pressure drop to equivalent OMS weight 
indicates an acceptable range of about 110 to 220 channels for a 10 lb 
equivalent weight penalty. 
A very 
Increased 
The selected number of channels for the ITC was 120. The final selec- 
tion was based on consideration of the number of film coolant injection 
orifices. 
film coolant orifices provides for symmetrical coverage of the coolant 
channels. 
The use of 120 coolant channels in conjunction with the 60 
ITC Thermal Design Results 
The predicted ITC operating temperature profiles at nominal conditions 
is presegted in Fig. 84. The maximum gas-side wall temperature is less 
than 800 F. 
The ITC predicted coolant safety factor profiles at nominal and off- 
design conditions are presented in Fig.85for both l-D and 2-D thermal 
conduction analysis assumptions. 
factor is considerably in excess of the minimum specified. This is due 
to a minimization of nozzle channel height to reduce weight. (There is 
a negligible pressure drop penalty in the nozzle region due to low heat 
flux levels). 
permit sea level tests with nozzle flow separation. 
In the nozzle region the safety 
This high nozzle safety factor should be sufficient to 
Thermal transients, including space chilldown and chamber soakout 
conditions, are essentially the same for the ITC as discussed previously 
for the demonstrator chamber. 
Performance sensitivity studies of the ITC were conducted as discussed 
in the demonstrator section of the report. 
the same and were summarized in Fig.57. 
The results are essentially 
ITC Fatigue Life and Strength 
The fatigue life of the ITC was determined using the techniques dis- 
cussed previously. 
of the ITC are essentially the same as the demonstrator. 
on the strength of as-deposited electroformed nickel, however, indicate 
much higher nickel strength than originally supposed. 
The hot-wall thickness and operating temperatures 
Recent data 
This higher 
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strength results in less yielding of the nickel and a greater load 
imposed on the CRES hot wall with resultant fatigue life reduction. 
To off-set the higher nickel strength somewhat, the nickel closeout 
thickness at the throat was reduced to 0.025 inch. 
minimum fatigue life for the ITC is about 5000 cycles (1250 cycles 
with safety factor of 4) which is still in excess of that required. 
The ITC fatigue life profile is shown in Fig. 86. The ITC fatigue 
life could be increased substantially by annealing the nickel. 
The nickel strength curve is presented in Fig. 87 where it is seen 
that the design hoop stress safety factor is about 6.8 based on 
yield and about 10 based on nickel ultimate strength. 
The predicted 
- 
6.2 THRUST CHAMBER FABRICATION 
The fabrication of the ITC is essentially the same as that shown for 
the demonstrator chamber. 
discharge machining of the acoustic cavities in the head-end of the 
ITC. 
The single major difference is the electric 
The resulting head-end geometry of the ITC is shown in Fig. 88. 
6.3 INTEGRATED THRUST CHAMBER TEST PROGRAMS - PHASE I 
The integrated thrust chamber shown in Fig. 89 was tested in two phases 
at White Sands Test Facility. 
Phase I tests were concerned primarily with the steady-state stability, 
thermal, and performance characteristfcs of the ITC with additional 
limited tests to determine transient characteristics. The results 
were reported in NASA-CR-134256 and NASA-CR-140250. 
A total of 40 tests were conducted during Phase I on the integrated 
thrust chamber with the like-doublet No. 1 injector and 72:l area 
ratio heat sink/radiation nozzle. The total duration accumulated during 
these tests was 445 seconds. 
(See Appendix A for facility description). 
A test summary is presented in Table 33. 
The tests were broken down into groups of tests called test sequences, 
having specific detailed objectives. The first sequence consisted of 
three tests of increasing duration and mixture ratio. 
this first test series was to check out the engine facility and 
instrumentation. 
mine the engine operating characteristics with ambient temperature 
unsaturated propellants. 
these ten tests. 
The objective of 
The objective of the second test series was to deter- 
A relatively long oxidizer lead was used for 
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Figure 89. Regeneratively Cooled Thrust Chamber 
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TABLE 33 INTEGRATED THRUST CHAMBER PHASE I TEST SUMMARY 
NOM 
DUR 
TEST SEC 
Checkout 
1- 1 3 
1-2 5 
1-3 10 
Unsaturated Propellants 
2- 1 
2- 2 
2- 3 
2-4 
2-5 
2- 6 
2- 7 
2-8 
2- 9 
2- 10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
Saturated Propellants 
3- 1 
3-2 
3-3 
3-4 
3-5 
3- 6 
3-7 
3- 8 
3-9 
3-10* 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
P 
‘NS 
PSIA 
117 
117 
116 
124 
126 
141 
142 
142 
111 
112 
112 
126 
126 
125 
124 
140 
139 
140 
109 
110 
109 
125 
126 
*Followed by 30 minute vacuum soak 
O/F 
1.372 
1.464 
1.465 
1.667 
1.858 
1.466 
1.656 
1.844 
1.485 
1.670 
1.871 
1.470 
1.671 
1.657 
1.865 
1.452 
1.652 
1.843 
1.439 
1.682 
1.864 
1.460 
1.654 
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TABLE 33 INTEGRATED THRUST CHAMBER PHASE I TEST SUMMARY (Cont'd) 
4- 1 
4-2 
4- 3 
4- 4 
4- 5 
4- 6 
4- 7 
4- 8 
4- 9 
4- 1 O* 
30 
10 
10 
10 
10 
10 
10 
10 
10 
10 
122 
138 
138 
137 
109 
110 
109 
124 
124 
a26 
Thrust Limits 
5- 1 44 124 
5- 2 33 149 
5-3 40 100 
5- 4* 10 125 
*Followed by 30 minute vacuum soak 
O/F 
1.658 
1.449 
1.643 
1.874 
1.438 
1.595 
1.855 
1.457 
1.846 
1.649 
1.658 
1.650 
1.667 
1.664 
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Sequence 3 consis ted of t e n  tests conducted with ambient temperature 
propel lan ts  s a tu ra t ed  with helium a t  225 ps ia .  
soak was conducted after t h e  last test i n  t h i s  series. Sequence 4 was 
conducted with unsaturated propel lan ts  heated t o  100F. A vacuum soak 
was again accomplished after t h e  last of t h e  t e n  tests i n  t h i s  sequence. 
The f i f t h  and f i n a l  sequence consis ted of four  tests with unsaturated 
ambient temperature propel lants .  
t h r u s t  l eve l s  were t e s t ed  during t h i s  sequence. 
accomplished a f t e r  t h e  first tes t  of t h i s  sequence. 
a r e  summarized i n  Table 33. A t o t a l  of 40 starts ‘and 445 seconds dura- 
t i o n  were accumulated. 
A 30-minute vacuum 
The highest  and lowest an t ic ipa ted  
A vacuum soak was 
The tes t  conditions 
The test  program was conducted without any major d i f f i c u l t i e s .  
d i f f i c u l t i e s  arose during the  second tes t  s e r i e s ,  when t h e  extended 
oxidizer  lead programmed on t h a t  s e r i e s  r e su l t ed  i n  t r i gge r ing  a safe ty  
device which shut  t h e  engine down f o r  f a i l u r e  t o  e s t a b l i s h  f u l l  chamber 
pressure within spec i f i ed  time increment. The time increment was r e s e t  
commensurate with the  valve lead and t e s t i n g  proceeded. 
the  f i f t h  tes t  sequence, f a i l u r e  t o  reset the  low-chamber-pressure 
s a f e t y  device r e su l t ed  i n  a premature shutdown on the  t e s t  programmed 
f o r  a low-chamber pressure.  Again, t h e  device was reset and t e s t i n g  
proceeded. A l l  s teady s t a t e  da ta  appeared t o  be v a l i d .  However, t h e  
engine po r t s  f o r  measuring the  f u e l  and oxid izer  i n j ec t ion  pressures  
were undersized s o  t h a t  t h e  t r a n s i e n t  da t a  obtained f o r  these  measure- 
ments i s  of l imited value. 
Minor 
Also  during 
After  t he  Phase I tes t  program, the  t h r u s t  chamber and i n j e c t o r  were 
disassembled and inspected and found t o  be i n  good condi t ion.  
i n j e c t o r  was dye penetrant  checked t o  v e r i f y  t h e  s t r u c t u r a l  i n t e g r i t y  
of t h e  r ing/ land welds. 
emerging streams observed t o  provide a v i sua l  estimation of uniformity 
of flow feed. 
approximately 5 t o  10  percent higher flow i n  t h e  a rea  opposite t h e  
coolant i n l e t  manifold. 
i n  coolant o u t l e t  temperature observed i n  hot f i r i n g  da ta ) .  
t i c  cav i ty  dams were very s l i g h t l y  eroded a t  a level corresponding t o  
j u s t  downstream of t h e  i n j e c t o r  face. 
without modification, t he  eroded por t ions  of t h e  dams were machined 
clean i n  order t o  reduce t h e  p robab i l i t y  of fu tu re  erosion and t o  pro- 
vide a surface upon which f u r t h e r  erosion would be more c l e a r l y  v i s i b l e  
i f  it occurred during Phase I1 t e s t ing .  
The 
The t h r u s t  chamber was water flowed and the  
The flow appeared approximately uniform with a b ias  of 
(This agreed with the  circumferent ia l  va r i a t ion  
The acous- 
Although t h e  chamber was useable 
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Thrust Chamber Performance Characteristics 
The thrust chamber performance characteristics and operating para- 
meters were summarized in the NASA-CR-134256 . The variation of 
specific impulse with chamber pressure and mixture ratio is shown in 
Fig.90 for both saturated and unsaturated propellants. Performance 
peaks at a mixture ratio of approximately 1.8 and increases with 
chamber pressure. 
The data curve from the demonstrator thrust chamber series is also 
shown in Fig.90 and indicates 1 to 2 seconds lower performance at the 
higher mixture ratios. 
second duration tests, and it was concluded in the report summarizing 
that test program that the performance could be low because of the 
nonequilibrium temperature conditions in the hardware. In fact, based 
on the results of a long duration test with the demonstrator thntst 
chamber, using an alternate fuel, the performance under nominal condi- 
tions was predicted to be approximately 310 seconds. 
for the demonstrator thrust chamber were based upon analytic extrapola- 
tions to E = 72 of data taken with a 9:l expansion area ratio nozzle. 
The good agreement affirms the validity of the analytical extrapolations. 
- 
This curve represents data taken mostly on ten- 
The data shown 
A comparison of the performance with saturated and unsaturated propel- 
lants (Fig.91) indicates that there is no discernible difference in per- 
formance with the propellant in either condition. The saturated propel- 
lant tests were conducted with both the fuel and the oxidizer 
saturated with helium at 225 psia. 
improved by heating propellants to 100F, as indicated in Fig.91. 
performance improvement appeared to be greater at the lower mixture 
ratios and was, at most, one second. 
Performance was only slightly 
The 
Injector and jacket pressure drops are plotted in Fig,%. 
drops were determined by subtracting absolute pressure measurements so 
that accuracy in the order of 1-2 psi might be expected. 
correlation was shown on the oxidizer injector pressure drop clearly 
defining the difference between data taken with ambient and with 104F 
oxidizer. The correlation on the fuel side was good, but the data had 
slightly more scatter probably because of the effects of variations in 
the fuel temperature rise in the coolant jacket. 
at the chamber inlet can still be seen clearly. Fuel jacket pressure 
drop appeared consistent on the first test of each sequence (test 2-1B 
was actually the third test of the sequence, preceded by two tests of 
approximately 1/4-second duration), but was erratic thereafter. 
Oxidizer and fuel pressure drops at nominal conditions were 56 and 61 
psi, respectively. Injector pressure drops for both propellants increase 
by approximately 4 psi when the inlet temperatures are increased to 100F. 
Coolant jacket pressure drop was 15 psi at nominal conditions with no 
significant change at lOOF inlet temperature. 
for the thrust chamber assembly is shown in Fig.93. 
The pressure 
Excellent 
The effect of hot fuel 
A pressure drop summary 
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Thermal Data 
Thermal data taken during the tests at WSTF consisted of fuel bulk 
temperature rise, regenerative chamber back wall temperature, and 
steel heat sink nozzle temperature transients. These data, together 
with the data generated during the heated tube tests under this con- 
tract, were used to provide an indication of the safety margin at 
which the thrust chamber was operating. Nozzle equilibrium tempera- 
tures were predicted based on the heat sink nozzle transients in con- 
junction with previous columbium nozzle tests with the demonstrator 
chamber. 
Bulk Temperature Rise and Heat Load. 
tures, AT'S, and the heat load were tabulated in the NASA-CR- 
Coolant inlet and outlet tempera- 
report for each of the 35 testswhich were of sufficient duration to 
obtain thermal data. 
measured in three circumferential locations, The inlet temperature 
measurements were made in the coolant inlet manifold. The outlet 
temperatures were measured in the injector fuel distribution passages. 
The three bulk temperature rises generally agreed within 8 percent. 
Fuel inlet and outlet temperatures were each 
The response of the coolant outlet bulk temperature and coolant AT for 
a typical cold-start test is presented in Fig.94. The AT values achieve 
nearly steady-state conditions in about 20-25 seconds. Ninety percent 
of the final value is achieved in about 10 seconds. The long duration 
to achieve final steady-state conditions is due primarily to the time 
required for the massive (non-flight-weight) inlet manifold to reach 
equilibrium with the fuel inlet temperature. Subsequent tests achieve 
steady-state conditions in less than 10 seconds as noted in Fig.95 for 
a typical hot-start condition. 
The average values of the AT'S were multiplied by the fuel flowrate 
through the jacket and the specific heat of the fuel to determine the 
heat absorbed by the fuel. The heat loads for ambient propellants 
(both saturated and unsaturated) are plotted versus chamber pressure in 
Fig.96 , with coded symbols to denote approximate mixture ratio. These 
data follow the predicted variation with Pc to the 0.8 power. 
effect of mixture ratio on heat load appears negligible, which is con- 
sistent with heat transfer theory for the range of mixture ratios tested. 
Helium saturation also does not appear to effect chamber heat load. 
The 
The best-fit line of the demonstrator heat load test results is also 
presented in Fig.96 for comparison with the ITC heat loads. The ITC 
heat loads are about 12 percent higher than for the demonstrator chamber, 
even though a slightly higher supplemental film coolant flowrate (2.7 vs 
2.0 percent) was utilized in the ITC. 
increased heat load is due to the less efficient, but much simpler, 
method of film coolant injection employed in the ITC design. 
The primary reason for the 
In the ITC 
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design, the film coolant is injected from the primary injector across 
the acoustic cavities onto the chamber wall. The demonstration 
chamber utilized a separate film coolant ring, which injected the film 
coolant directly along the wall without having to jump the acoustic 
cavities. 
An additional factor in the ITC design is that the acoustic cavities 
are regeneratively cooled. 
the increased ITC heat load can be attributed to regenerative cooling 
of the acoustic cavities. 
It is estimated that about one-third of 
The effect of hot propellants ( "100F) on chamber heat load is compared 
with the ambient propellant test results in Fig.97. 
be a very slight reduction in heat load, although the difference is 
essentially insignificant. 
There appears to 
Back Wall Temperatures. Back (outer surface) wall temperatures were 
measured in numerous locations on the ITC (see Fig.98) to indicate 
steady-state operating values, as well as start and soakout temperature 
characteristics. 
Typical back wall temperature response from a cold start (i.e., first 
in a test series) is presented in Fig.98. 
response is more rapid in the higher heat flux regions, such as the 
throat. 
in less than ten seconds for the various back-wall temperatures depicted. 
The back-wall temperatures continue to rise slowly from this time as the 
fuel inlet temperature increases due to inlet manifold heating and a 
rise in the propellant inlet temperature. 
tures are achieved in about 30 seconds from start of test. 
As would be expected, the 
An initial apparent steady-state temperature level is achieved 
Final steady-state tempera- 
Typical hot start back-wall temperature transients are presented in 
Fig.99. 
flows through the channels before combustion gas heating diffuses 
through the walls into the coolant and back-wall region. Steady-state 
back-wall temperatures are readily achieved in about 5 seconds or less 
under hot-start conditions. 
after soakout and prior to restart were, in general, less than 300F. 
There is an initial cooling down of the back-wall as the coolant 
Maximum nickel back-wall temperatures 
Steady-state back-wall temperatures are utilized primarily as an indi- 
cation of circumferential heat load uniformity. These measurements are 
relatively insensitive to local heat flux level and tend to reflect 
integrated heat load along a channel in that back-wall temperatures 
are strongly influenced by the local bulk temperature. In general, 
circumferential variation in back-wall temperatures were less than 
R-9686 
6-29 
I- 
I 
s 
1000 
9001 
800 
700 
600 
O/F 1 . x  
0 O/F M 1.65 
A O/F M 1.45  
from Fig. 12 
80 100 120 140 160 
CHAMBER PRESSURE, P S l A  
F igure  97 lntegraeed Chamber Heat Load With lOOF Propel lants  
R-9686 
6-30 
0 
0 cn 
I- 
e 
I 
I- 
.. 
4 
O 
0 
QI .. - 
M 
+ 
0 0 
0 Ln 
c 
R 0 0 
hl c 
A, ‘3WllWY3dW31 
0 
Ln 
0 
4- 
0 
m 
0 
N 
0 
c 
0 
R- 9686 
6-31 
P 
c, 
k a, 
c, r= 
H 
a, 
5 
R-9686 
6-32  
10F, except at the throat and injector end/acoustic cavity regions, 
where differentials of 15 to 20F occurred. The injector end region 
is strongly affected by film cooling impingement and surface coverage, 
and resultant large heat flux variation can affect back-wall measure- 
ments. 
A plot of back-wall temperature distributions is presented in Fig.% 
for a typical test at nominal operating conditions. The maximum and 
minimum values are denoted, as well as average back-wall temperatures. 
It is apparent that the back-wall temperatures increase rather uniformly 
from slightly upstream of the throat to a point 10 inches upstream of 
the throat. 
the end of the chamber. 
heat input in this region as would be accounted for by a liquid film 
coolant. 
on the wall (X = 13.7 in.), the film liquid length persists to a 
point approximately 10 inches to 11 inches upstream of the throat. 
This is corroborated somewhat by visual posttest inspection, wherein 
bright, clean metal surfaces existed for distances of about 2 inches to 
4 inches downstream of the point of film coolant impingement. 
surfaces indicate the likelihood of coolunder composed liquid MMH along 
the wall. 
The temperature thereafter remains essentially constant to 
This latter factor implies a very low rate of 
It appears therefore that from the point of film impingement 
Such 
The theoretical film coolant model was utilized with varying input 
liquid lengths in order to match the total ITC measured heat load. 
heat load was matched assuming MMH decomposition at a point approximately 
10.5 inches upstream of the throat, which is consistent with the above 
observations. The resulting analytical back-wall (2-D analysis) and 
coolant bulk temperature profiles are included in Fig.lOO for comparison 
with experimental results. 
The 
In general the predicted back-wall temperatures are about 15 to 30F 
higher than experimental data in the combustion zone upstream of the 
throat. 
dicted bulk temperature profile agree quite well in the combustor 
region. In the nozzle region (X = +3 in.) the measured back-wall 
temperatures agree favorably with the predicted value, although the 
fact that the measurement was made near the region of the step change 
in channel width tends to complicate the results. 
The general slope of the experinental back-wall data and pre- 
In the throat region of the chamber, the average measured temperatures 
are about 20F higher than predicted. 
throat measurements is also, in general, greater than for other chamber 
locations, being about a 20F maximum temperature difference, rather than 
5 to 10F. These results are similar to those noted previously for the 
The data scatter of the four 
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demonstrator chamber tests. These differences believed due to throat 
region curvature effects on coolant convective coefficient along the 
closeout wall surface as discussed in the demonstrator section of the 
report. 
Heat Sink Nozzle. The ITC chamber tests were conducted with a full 
72:l area ratio CRES heat sink nozzle to obtain accurate performance 
information. 
recorded during the ITC tests. 
the CRES nozzle are presented in Fig.101 
maximum nozzle temperatures of about 1400-1500F. 
There is good agreement between the two circumferential measurements 
except at lower area ratios where temperature differences of 100 to 150F 
occur. 
cooling carryover effects. 
Wall temperature measurements at various lkations were 
Typical temperature response data for 
Test cut-off was based on 
The reason for this difference may be attributed to uneven film 
Of primary significance, however, is the fact that nozzle heating rates 
are apparently about one-half the predicted value. A detailed transient 
thermal analysis was conducted, varying film convective coefficients and 
film temperature, in order to match the experimental transient response. 
The results of this analysis are shown in Fig.102 
temperature of 3300F is about lOOOF lower than utilized for the original 
"dry-wall" analysis. 
to the wall which persists downstream of the throat. 
significant conclusion to be drawn from the heat sink nozzle tests, is 
that the use of a refractory material is unnecessary at the current 
attach point. The use of an L-605 type nozzle extension appears quite 
feasible which should result in considerable cost saving to the OME 
engine concept. Alternatively, the columbium nozzle could be attached 
to a lower area ratio with an attendant reduction in engine weight and 
regenerative coolant heat load. 
Start Sequence Variations 
Three different propellant valve opening sequences were used during the 
program. 
propellant valve reached the full open position nominally 50 ms before 
the fuel valve reached its full open position for test series 1-1. 
oxidizer valve lead was reset for approximately 250 ms on test series 
1-2 and for 150 ms on test series 1-3, 1-4, and 1-5. Considerable 
variation in the oxidizer valve lead (198-307 ms) occurred from test to 
test on series 1-2. 
The estimated film 
This indicates a region of fuel rich gas adjacent 
The single most 
The propellant control valves were set so that the oxidizer 
The 
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Oxidizer valve lead, oxidizer injection lead, thrust and Pc over- 
shoots, and maximum 'gt levels are summarized in Table 34. On the 
first two tests (1-1-1 and 1-1-2), the load cells were overloaded so 
that the actual value of the overshoot cannot be specified. 
and oxidizer injection pressure measurements had poor response. 
Injector priming was inferred from the engine interface pressure 
measurements (upstream of the propellant valves) which were quite 
responsive. This procedure was also justified by the good correlation 
between oxidizer injection lead, determined in this manner, and 
oxidizer valve lead. 
with thrust but the chamber pressure overshoot appears to be damped and 
did not correlate well with thrust overshoot or Igt level. 
The fuel 
- 
Chamber pressure began to rise simultaneously 
Accelerometers always indicated the highest 'g' level on the first test 
of each series and the thrust overshoots were also the highest on these 
tests (except series 1-4). This phenomenon could be associated with 
incomplete purging between tests or with cold hardware on the first 
test. 
procedures are quite thorough. Furthermore, tests 1-2-1A and 1-2-1B 
were very short duration tests ( =l sec) on which the hardware did not 
have an opportunity to warm up and the thrust overshoots and *gt loads 
were relatively severe on tests 1-2-1B and 1-2-1, each of which was con- 
ducted within 1-3 minutes of the previous test. 
The cold hardware is most likely responsible because the purging 
Typical start transients from the fourth test in a series (Test 5-4) are 
shown in Fig.103and104. The oxidizer valve opening times for tests 1-5-1 
and 1-5-4 were 40 and 50 milliseconds respectively. 
openings for tests 1-5-1 and 1-5-4 were 140 and 95 milliseconds 
respectively. The fuel, and oxidizer interface pressure transients re- 
flect these valve times. The most significant differences between the 
traces for the first and fourth tests are that the injection pressures 
and chamber pressure for the last test are slightly higher than for the 
fiyst tests during the low pressure part of the transient tests, imply- 
ing that the warm hardware has vaporized some of the propellants enter- 
ing the injector and chamber. 
The fuel valve 
Thrust chamber temperatures for the first and last tests of each sequence 
are summarized in Table 35. The included E4MI-I saturation data indicates 
that very little vapor pressure would be generated by the hardware heat- 
ing the fuel to the temperatures indicated for the first tests. 
vapor pressures corresponding to the thrust chamber temperatures 
measured near the injector end prior to the start of the last tests 
could be as high as 60 psia. 
rate somewhat. But more significantly, the vaporized fuel could provide 
a smoother ignition with the oxidizer. 
However, 
These pressures could reduce the fuel flow- 
Corresponding temperature data 
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TEST NO. 
1-1-1 
1-1 -2 
1-1 -3 
1 -2-A 
1-2-8 
1-2- 1 
1 -2-2 
1-2-3 
1-2-4 
1-2-5 
1-2-6 
1-2-7 
1-2-8 
1-2 -9 
1-2-1 0 
1-3-1 
1-3-2 
1-3-3 
1-3-4 
1-3-5 
1-3-6 
1-3-7 
1-3-8 
1-3-9 
I -3-10 
TABLE 34 
INTEGRATED THRUST CHAMBER TRANS I ENT DATA 
OX VALVE 
LEAD, MS 
50 
44 
43 
198 
21 8 
248 
2 50 
2 48 
2 63 
2 70 
270 
288 
307 
328 
346 
147 
151 
147 
145 
146 
144 
147 
146 
142 
141 
F, OVER- 
SHOOT,% 
37 
37 
33 
35 
23 
24 
25 
25 
29 
25 
32 
35 
31 
28 
32 
21 
19 
15  
16 
17 
17 
25 
22 
19 
23 
F OVER- 
SHOOT, % 
>110 
> 110 
98 
90 
N 90 
84 
70 
77 
77 
70 
67 
80 
65 
93 
89 
72 
45 
72 
66 
62 
43 
54 
44 
58 
61 
ACCELER- 
OMETER, g 
43 
18 
10 
37 
29 
37 
18 
14 
13 
15 
17 
9 
13 
12 
12 
27 
13 
16 
13 
12 
19 
16 
16 
9 
14 
OX I D I ZER 
I N J  ECT I ON 
LEAD, MS m a  
132 
108 
55 
2 58 
248 
293 
305 
28 2 
303 
337 
32 3 
340 
367 
362 
379 
199 
227 
2 04 
215 
223 
212 
219 
227 
202 
205 
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TABLE 34 (Con t in  ued) 
INTEGRATED THRUST CHAMBER TRANS I ENT DATA 
T E S T  NO. 
1-4-1 
1-4-2 
1-4-3 
1 -4-4 
1-4-5 
1-4-6 
1-4-7 
1-4-8 
1-4-9 
1-4-1 0 
1-5- 1 
1-5-2 
1-5-3 
1-5-4 
OX VALVE 
LEAD, MS 
188 
153 
142 
145 
150 
153 
155 
150 
150 
142 
170 
130 
145 
145 
P, OVER- 
SHOOT, % 
19 
9 
16 
19 
22 
20 
24 
28 
29 
18 
37 
42 
42 
26 
F OVER- 
SHOOT, % 
67 
75 
73 
73 
61 
54 
54 
70 
66 
65 
95 
59 
72 
86 
AGC ELER- 
OMETER, g 
28 
17 
9 
10 
9 
9 
13 
14 
10 
12 
36 
13 
6 
12 
O X  I D IZER 
I NJ ECT I ON 
LEAD, MS 
2 22 
199 
199 
20 7 
217 
227 
240 
21 3 
228 
2 i s  
2 10 
190 
241 
2 23 
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were not measured on the oxidizer side of the engine. 
higher injection pressures imply that the oxidizer also was subject 
to vaporization on latter tests in each sequence. 
However the 
Although the correlation between the thrust overshoot and oxidizer 
injection lead was only loosely defined it appears that the overshoot 
would be minimized by an oxidizer lead of 150 to 250 ms. 
- 
Post-Firing Thermal Transients 
The last tests of sequences 3, 4, and the first test of series 5 were 
followed by thermal soakout in vacuum for a period of approximately 
one-half hour. On sequence 3 the soakout was initiated without any 
purge after the test. 
of fuel and oxidizer was accomplished in order to simulate the propel- 
lant depletion which would occur under zero 'g' flight conditions. 
Three significant events occurred during the transients. 
first two to five seconds after shutdown, inside and outside wall 
temperatures equilibrate with the result that certain back-wall 
temperatures reach a maximum in this period and then decay. 
20 to 80 seconds propellant fuel depletion in the jacket is indicated. 
In about 30 minutes all hardware temperatures have reached their maxi- 
mum soakout values. 
On sequences 4 and 5 a brief (1 second) purge 
During the 
A t  about 
Nickel backwall, inlet manifold and flange, and nozzle shutdown tempera- 
ture response plots are presented in the Task XI1 Data Dump. A typical 
plot of nickel backwall temperatures at the zero degree circumferential 
location (90 degrees clockwise from the coolant inlet viewing aft) after 
test 1-3-10 (no purge) are shown in Fig. 105. The break in the data from 
62 to 82 seconds is the result of instrumentation calibrations being 
taken at that time. Cut-off occurred at 10 seconds, Wall temperatures 
generally peak 2 to 3 seconds after cut-off as a result of the inner and 
outer walls reaching equilibrium. 
end peak more slowly because of the influence of the acoustic cavity 
dams and the thicker liner in this region. 
recorded at this time period on any of the soakout tests was less than 
375F. 
based on the results of the electrically heated tube tests conducted 
under Task IX of the contract. 
were simulated with tubes as hot as 1600F with no adverse effects. 
Wall temperatures at the injector- 
The maximum temperature 
The thrust chamber can be safely restarted at these temperatures 
Under this task starting conditions 
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After the inner and outer walls come to equilibrium, the wall (inner 
and outer) is heated by soakback from the radiation-cooled nozzle 
and the injector and is cooled by residual fuel in the jacket, inlet 
manifold, and line. 
channels is approximately 60 inches and the volume of the inlet mani- 
fold and line to the valve is approximately the same. 
the backwall temperature transients do not indicate an orderly boiling 
down past each axial station in the jacket. 
the jacket is discharged in the first few seconds or violent boiling 
bathes the walls with froth independent of axial location. 
The volume of uel in the injector and coolant 5 
The shapes of 
Either all the fuel in 
The MMH boiling temperature curve is superimposed on Fig. 106 based on 
measured pressure. The accuracy of the pressure measurement is in the 
order of 1 psi which corresponds to a 10F accuracy in the boiling 
temperature at the lower pressures. After the initial transient, the 
wall temperatures are generally 10 to 15F above the boiling temperature 
implying that any fuel in the channels would be boiled at all locations. 
The divergence between the wall and boiling temperature curves could be 
the result of decreasing quantities of MMH percolating up the channels. 
A bias of 1 psi in the inlet manifold pressure measurement could also 
cause the divergence. However, at 60 seconds (50 seconds after shut- 
down) some of the wall temperatures reach minimum values and begin to 
rise indicating the onset of depletion of MMH. All wall temperatures 
(except at station 16, the injector end) were rising by the time cali- 
brations were completed at 73 seconds after shutdown. 
essentially complete propellant depletion from the channels. 
temperature profiles at T = 83, 200, 600, and 1200 seconds plotted in 
Fig. 
The nozzle is the primary heat source during the latter period of the 
soakout. 
initial peak value at 1200 seconds all the radiation nozzle temperatures 
are less than 300F and decreasing. 
This implies 
Wall 
show the effects of thermal inputs from the injector and nozzle. 
Regenerative chamber wall temperatures do not exceed the 
The flange temperature and the three inlet manifold fuel temperatures 
were utilized to estimate propellant depletion time. 
boils off in the manifolds, the closed tip thermocouples are uncovered 
and heated by conduction from the warm inlet manifold and nozzle exten- 
sion. 
fuel inlet temperature transient data for each of the soakout tests and 
the associated significant conditions for each test. 
As propellant 
Table 36is a summary of the fuel depletion times based on the 
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TABLE 36. PROPELLANT DEPLETION SUMMARY 
Test I 1-3-10 
Depletion Time, sec 
After Shutdown 
Fuel Inlet Temperature, F 
At Shutdown 
w 
Regen Flange Temp, F 
At Shutdown 
Posttest Purge 
60 
65 
190 
No 
1-4-10 
25 
105 
210 
Yes 
1-5-1 
60 
65 
50 
Yes 
The depletion time on test 1-4-10 was significantly shorter than on test 
1-3-10 which can be attributed to the higher fuel temperature and the 
brief posttest purge. 
1-3-10 and 1-5-1 despite the posttest purge on test 1-5-1. 
that the effect of the purge was offset by the colder regenerative chamber 
flange temperature. The flange temperature does not change significantly 
during the tests but does increase between tests because of soakback from 
the nozzle as indicated by the data in Table 37. 
Fuel depletion times were about the same for 
It appears 
Temperatures after 20 minutes of vacuum soakout are tabulated in Table 38. 
A l l  temperatures were less than 350F at this time for all three tests. 
The maximum temperature difference measured on the regenerative chamber 
wall was 60F. 
appears low but is based on two measurements which agree within 4F. 
highest temperature at this time was 340F on the radiation nozzle. 
Although the nozzle operating temperature for the flight hardware is 
greater than that tested, the nozzle wall thickness of the flight hardware 
is significantly less (.030 vs ,125 inches) so that heat transfer to the 
regenerative chamber should be no greater in the flight configuration. 
The regenerative chamber flange temperature on test 1-3-10 
The 
6.4 ITC TEST PROGRAMS - PHASE iI 
The primary objective of the Phase I1 test program was to investigate 
the OME start, shutdown, and restart characteristics to determine if 
restrictions of the mission-duty cycle exists for the current configura- 
tion of the OME. 
chamber operating characteristics at very low chamber pressures typical 
of propellant tank blowdown operation and without supplementary boundary 
layer coolant. 
Secondary objective was the investigation of OME thrust 
R-9686 
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TABLE 37. SOAKOUT TEMPERATURES AT 1200 SECONDS 
Loca t ion 
-16 I n  
-13 I n  
-10 I n  
-8 I n  
-6  I n  
-4  I n  
-2 I n  
Throat 
+3 I n  
I n l e t  Man i fo ld  
Regen Flange 
Near Rad. Flange (7.2 In) 
Rad ia t i on  Nozzle (7.8 In)  
Max. Rad. Nozzle Temp. 
Test  
1-3-10 
144 
145 
142 
141 
141 
142 
147 
159 
186 
208 
126 
254 
265 
285 
*C i r cu rn fe ren t i a l l y  averaged 
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mpera t u re*, F 
Test 
1-4-1 0 
184 
190 
187 
184 
182 
181 
185 
193 
21 9 
233 
22 5 
307 
324 
340 
Test 
1-5-1 
135 
127 
154 
155 
157 
157 
160 
166 
186 
187 
209 
246 
256 
292 
-- 
Test 
1-3- 1 
-2 
-3 
-4  
-5  
- 6  
-7 
-8 
-9 
-10 
1-4- 1 
-2 
-10 
1-5-1 
- 2**ft 
TABLE 38 METAL TEMPS AT 0 DEGREE LOCATION 
Regen 
-1 Sec 
60 
80 
95 
115 
134 
137 
152 
170 
173 
188 
51 
78 
21 4 
47 
73 
Flange 
10.5 Seck* 
60 
81 
95 
116 
133 
135 
152 
169 
171 
188 
53 
77 
21 3 
50 
74 
Nozzl e 
-1 Sec 
60 
390 
520 
640 
72 0 
650 
690 
740 
700 
740 
50 
600 
800 
44 
180 
7.2 In* 
10.5 Sec 
250 
460 
570 
680 
750 
670 
71 0 
760 
72 0 
770 
600 
640 
830 
76 0 
830 
Nozzle 6 
-1  Sec 
60 
610 
750 
930 
1030 
890 
970 
1050 
960 
1050 
50 
870 
1140 
41 
180 
NOTES : n0.2" from f lange of r a d i a t i o n  nozzle 
**30 Sec f o r  Test 1-4-10 & 43 Sec f o r  1-5-1 
A&& *---Long delay & aborted t e s t  between 1-5-1 & 1-5-2 
7.8 In.  
10.5 Sec 
670 
1010 
08 0 
210 
300 
100 
190 
1250 
1180 
1260 
1200 
1160 
1310 
1360 
1280 
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A total of 116 tests and 744 seconds were accumulated during Phase I1 
of the Integrated Thrust Chamber Test Program. All of the tests were 
conducted with the electroformed regeneratively cooled thrust chamber 
and the like-doublet No. 1 injector. 
with the heat sink/radiation cooled nozzle having an area ratio of 72 
to 1. 
layer coolant were conducted with a radiation cooled nozzle having an 
area ratio of 9 to 1. 
chamber has been fired 156 times for a total duration of 1190 seconds 
and the No. 1 like-doublet injector has been fired 284 times for a 
total of duration of 1695 seconds. 
Most of the tests were conducted 
Tests at lower chamber pressure and tests with zero boundary 
Including previous tests, the integrated thrust 
The tests were broken down into groups of tests called test sequences 
each having specific detailed objectives o r  test conditions. 
of tests in each sequence and the objectives of the sequence are shown 
in Table 39. A summary of the most significant conditions for each 
test is presented in Table 40. 
through 6 (except 1-1 and 1-2) were conducted at approximately nominal 
chamber pressure and propellant mixture ratio. 
The number 
As noted, all tests of sequence 1 
A series of tests (sequence 1) were conducted with various posttest 
purge and flush sequences to determine how the engine might be returned 
to ambient temperature between multiple tests. 
flush or purge would be used between tests in order to avoid possibility 
of contaminating the engine. 
wherein the fuel valve signal delay time (relative to the oxidizer valve 
signal) was varied from 100 milliseconds to 0 milliseconds. No 
significant change in pressure or thrust overshoots or  'g' level at 
start resulted from these variations. 
It was decided that no 
A brief series of tests were conducted 
Hot engine restart tests (sequence 4) were conducted by firing the engine 
until it reached thermal equilibrium and then shutting down for vzrious 
coast periods ranging from 1 to 180 seconds. 
with ambient temperature propellants and with cold (approximately 45F) 
propellants. This series of conditions resulted in starting the engine 
with no propellants in the manifold, residual fuel only in the engine, 
and both residual oxidizer and fuel in the engine. 
was recorded at oxidizer prime with no engine damage. 
was also recorded but could not be repeated. 
acceleration spikes of less than 130 g. 
were recorded with normally operating valves at ignition. 
shoots as high as 160 percent were recorded. 
the thrust chamber. 
. These tests were conducted 
One 1500 g spike 
A 530 g start 
All other starts had 
Accelerations of 15-40 g's 
No damage was done to 
Thrust over- 
R- 968 6 
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* 
TABLE 39.  
~ 
Sequence 
INTEGRATED CHAMBER TEST PROGRAM SUMMARY - PHASE I t  
Tests 
12 
3s 
13 
15 
17 
1 4  
10 
To ta l  116 
Purpose 
Checkout, p o s t t e s t  purge E f l u s h  
e f f e c t s ,  performance 
Valve sequencing, ho t  engine r e s t a r t ,  
soakout, f u e l  dep le t i on  
Warm engine r e s t a r t ,  soakout 
Hot engine r e s t a r t  w i t h  c o l d  p rope l l an ts ,  
soa kou t 
Ambient engine r e s t a r t ,  soakout 
Performance, thermal low Pc ope ra t i on  
Performance and thermal w i thou t  BLC 
745-Sec du ra t i on  
R-9686 
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TABLE 40 
TEST CONDITIONS 
T e s t  
Seq . No. 
1-1* 
1-2 
1-3" 
1-4 
1-5* 
1-6 
1-7 
1-8 
1-9 
1-10 
1-11 
1-12 
3-1* 
3-2 
3- 3 
3-4 
Ox. Valve 
Lead, msec 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
50 
0 
Duration 
sec .  
1 .0 
3.1 
1.0 
0.14 
0 . 3  
0.3 
0 .3  
0 .3  
1 .3  
0.3 
0 .3  
35.6 
0 .3  
0 .3  
0.3 
29.3 
Comments 
Targeted P 
respect ivety fo r  tests 1-1 and 1-2 ;  
125 p s i a  and 1.65 f o r  subsequent t e s t s .  
Pos t tes t  water spray (38 sec)  alcohol 
f lushing (42 sec) and GN2 purge. 
Restarted immediately after above 
procedures, Five-minute p o s t t e s t  soak. 
Restarted without purges af ter  soak. 
Pos t tes t  water spray, alcohol f lush,  
and GN2 purge t o  cool engine. 
Restarted af ter  above procedures. Hard 
s t a r t  and CSM shutdown. 
and o/F 125 p s i a  and 1.5 
One minute of  purge (cycling) p o s t t e s t ,  
then r e s t  a r t .  
One minut e pos t t  est purges , then  r e s t a r t .  
One minute of pos t t e s t  purge, then restart. 
One minute o f  p o s t t e s t  purge, then restart. 
One minute of  pos t t e s t  purge, then r e s t a r t .  
One minute of p o s t t e s t  purge, then r e s t a r t .  
15 sec.  p o s t t e s t  purge, 8 sec. alcohol 
f lush ,  100 sec GN2 purge, then restart. 
18 sec. p o s t t e s t  GN2 purge, 30 sec. alcohol 
f lu sh ,  40 sec. purge, 5 min. soak. 
One-minute p o s t t e s t  purge. 
One-minute p o s t t e s t  purge. 
One-minut e pos tt est purge. 
Sirmltaneous propel lant  valve s igna l s  f o r  
t h i s  and subsequent t e s t s .  No pos t t e s t  purge, 
*Fi rs t  t e s t  o f  a vacuum period. 
R- 968 6 
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T e s t  
Seq. No. 
3-5 
3-6 
3-7* 
3- 8 
3-9 
3-10 
3-11 
3 - l l A  
3-12 
3-13 
3-14 
3-15 
3-16 
3-17 
3-18* 
3- 18A* 
3- 18B* 
3-18C 
3-19 * 
3-20 
3-2 1' 
3-22 
3-23 
3-24" 
3-2 5 
3-26 
3-27 
3-28 
3-29 
TABLE 40. TEST CONDITIONS (Cant h u e d )  
Duration 
Sec. 
14.3 
4.3 
32.0 
14.7 
9.9 
9.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
0.15 
0.15 
0.94 
31.7 
9.8 
9.8 
4.8 
4.8 
31.8 
4.8 
4.8 
4.8 
4.8 
4.8 
Pr et es t Coast 
Time, Sec. 
180 
120 
60.1 
30 .O 
35.5 
2 1 . 1  
53.6 
9.9 
10.0 
4.9 
2.0 
1.1 
1 . 2  
25.2 
24.4 
18.1 
12.5 
16.0 
16.3 
11.3 
11.3 
29.2 
Comments 
No p o s t t e s t  purge. 
2 min. p o s t t e s t  purge (including upper 
nozzle ex terna l  purge) 
No p o s t t e s t  purge a f t e r  t h i s  
tes ts ,  except each day's t e s t i n g  or as noted. 
and following 
Hard s t a r t .  
30 min. vacuum soak. 
No t ape  da ta  during p o s t t e s t  soak. 
Pretest purge. Hard s tar t  at Ox. i n j e c t o r  
prime. 10 min. p o s t t e s t  soak. 
In j ec to r  ro ta ted .  6 Ox. valve on-off cycles .  
30 min. pos t t e s t  soak. 
Ox. valve changed. 
. 
Fuel deplet ion and helium i n j  est ion. 
*Fi rs t  t e s t  of a vacuum period. 
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Test 
Seq. No. 
3- 30 
3- 31 
3- 32 
3- 33 
4-1* 
4 -2 
4-3 
4-4 
4 -5 
4 -6 
4-7 
4- 8 
4-9 
4-10 
4-1 1 
4-1 2 
4-13 
5-1" 
5 -2 
5-3 
5-4 
525 
5-6 
5 -7 
5-8 
5-9 
5-10 
5-11 
5-12 
5-13 
5-14 
5-15" 
6-1 * 
6-2 
TABLE4Q. TEST COND 
inrrat i on 
Sec. 
4.8 
4.8 
4.8 
4.1 
1 .0  
1.0 
1.0 
1 .o 
1.0  
1 .o 
1.0 
2.9 
1.1 
1.1 
1 .o 
1.0 
0.4 
31.8 
17.7 
14.7 
11.8 
8.7 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
10.8 
13.8 
4.8 
0.15 
0.16 
0.18 
'retest Coast 
Time, Sec. 
5.4 
5.0 
2.0 
2 .o 
179.8 
120.8 
61.2 
31 .2  
16.1 
9.0 
4.6 
0 . 3  
0 .7  
13.8 
30.1 
44.8 
181 .O 
121 .2  
61.3 
31.3 
15.5 
9.9 
4.4 
2 .o 
1.6 
20.3 
46.3 
91.2 
31.1 
180.7 
rIONS (Continued) c 
Comnents 
3 minutes p o s t t e s t  soak 
30 min. p o s t t e s t  soak. 
Cold p rope l l an t s  for sequence 5 .  
P o s t t e s t  soak. 
Ambient p rope l l an t s  for sequence 6 .  
* F i r s t  t es t  of  a vacuum per iod .  
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u eJ .p 73 
Test  
Seq. No. 
6-3 
6- 3A 
6 -4A 
6- 5 
6-6 
6- 7 
6-7A 
6-8 
6-9 
6-10 
6-11 
6-12 
6-12A 
6-1 2~ 
6-13 
7-1" 
7-2* 
7- 3 
7-4 
7-5 
7-6 
7-7 ' 
7-8 
7-9 
7-10 
7-10A 
7-12 
7-13 
7- 14 
8-1* 
8-2 
8- 3 
8-4 
8-5 
8-6 
8- 7 
8-8 
8-9 
8-10 
TABLE 40. TEST CONDITIONS (Continued) 
Duration 
Sec . 
0.20 
0.18 
0.20 
0.20 
0.20 
0.25 
0.26 
0.27 
0.16 
0.23 
0.20 
0.16 
0.17 
0.16 
0.04 
9 . 7  
9.7 
9.7 
9.7 
9.8 
9.8 
34.7 
4.7 
4.7 
4.7 
4.7 
4.7 
4.7 
9.7 
33 
10 
10 
10 
10 
10 
10 
10 
10 
10 
' re t  e s t  Coast 
Time, Sec. Comments 
119.7 
55.9 
15.7 
60.8 
31.1 
6.3 
5.1 
2.5 
(14 min.16 sec.)  
5.2 
45.4 
2.7 
3.1 
7.6 
45.9 .O minut e pos t t  e s t  soak. 
) p s i a  
C' 
125 
125 
100 
100 
1 2  5 
125 
125 
80 
70 
60 
70 
60 
60 
125 
125 
140 
140 
125 
110 
109 
135 
109 
106 
126 
R- 96 861 6- 5t * F i r s t  t es t  of a vacuum period. 
01 I: 
1.45 
1.65 
1.65 
1.45 
1.45 
1.85 
1.65 
1.65 
1.65 
1.65 
1.45 
1.45 
1.65 
1.65 
1.8 
1.75 
1.55 
1.55 
2.0 
1.6 
2 .o 
1.5 
2 .o 
1.8 
Comments 
Cold fue l ,  ambient ox., 9 : l  
nozzle f o r  seq. 7 6 8. 
Post tes t  purges on t e s t s  6-12 
30 min . pos t t  est coast  . 
Inj  ec tor  BLC o r i f i c e s  plugg& 
f o r  sequence 8. 
30 min. p o s t t e s t  soak. 
A series of tests (sequence 5) was conducted with coast times ranging 
from 0 . 3  to 180 seconds wherein the engine was fired 1 second each 
time between coast periods. 
represents the minimum firing duration required of the OME. 
'gl levels at start and thrust overshoots were only 20 g's and 120 per- 
cent, respectively. These tests were conducted with ambient temperature 
propellants. 
This was termed a warm-engine start and 
Maximum 
A final series of restart tests (sequence 6) was conducted with the 
engine being fired for a duration of only 0.2 seconds between coast 
periods. The coast periods ranged from 2.5 seconds to 14-1/4 minutes. 
Maximum 'gl levels were about 20 gls at ignition for all coast times. 
However, acceleration spikes as high as 180 g's occurred at oxidizer 
prime (before ignition) for long coast times. The maximum thrust over- 
shoot of 150 percent occurred at a coast time of 2.5 seconds but there 
was considerable scatter in the data. Ambient temperature propellants 
were used. 
No hardware damage was incurred as a result of any of these tests which 
indicated that the OME can be safely restarted without any limit on the 
coast time. 
A series of tests (sequence 7) of 5-second durations were conducted 
with unsaturated propellant at lower than nominal chamber pressure to 
investigate engine operating characteristics under propellant tank 
blowdown conditions. 
in chugging at start which damped out during the tests. 
chamber pressure, the chug persisted throughout the test. 
occurred at frequencies of 115 to 310 Hz and did not appear to be detri- 
mental to the engine. 
of smoothly decaying tank pressures and unsaturated propellants the 
engine could probably blowdown to approximately 65 to 75 psia chamber 
Tests at 80 and 75 psia chamber pressure resulted 
The chugging 
At 65 psia 
The test results indicate that under conditions 
I pressure without chugging. 
A fuel depletion test was conducted for a duration of 4.5 seconds. 
test was started with very little fuel in the fuel tank and ended with 
an indicated mixture ratio of 4.4 although assessment of the mixture 
ratio is difficult because the test data indicate that slugs of helium 
were also entering the thrust chamber. After the test, the thrust cham- 
ber was observed to have a,number of blue streaks in the combustion zone 
particularly in the converging section. 
thrust chamber did not indicate any cracks o r  leaks and testing was 
continued. 
The 
A dye penetrant test on the 
Supplementary boundary layer coolant is supplied to the thrust chamber 
by orifices in the periphery of the injector. These orifices were 
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plugged for one sequence of tests (sequence 8) which were conducted 
over a range of chamber pressures and mixture ratios. 
these test results with results of the Phase 1 tests indicate that at 
nominal conditions a performance gain of approximately 1.5 seconds Is 
results from the elimination of the BLC. Concurrently, the heat load 
to the regeneratively cooled chamber increased by approximately 26 per- 
cent which would result in a safety factor of 1.2 at off-design 
conditions (Pc = 120 psia, O/F = 1.73, Tf = IOOF). 
No hardware damage resulted frpm these latter series of tests. 
injector and chamber are usable for further testing if required. 
Start Transients 
Facility and engine ducting were configured to simulate, as far as 
possible, the volumes and lengths of the current Orbit Maneuvering 
System propellant feed system. 
of propellant valve sequencing on start transient characteristics was 
made during the first four tests of Sequence 3 .  These tests also pro- 
vide a comparison of the first start transient of a vacuum period with 
subsequent starts. Previous experience had indicated, in general, 
slightly higher g-loads at start on the first tests. 
first and second tests were both conducted with the fuel valve opening 
signal delayed 100 msec relative to the oxidizer valve signal. 
delay was reduced to 50 msec on the third test and to 0 msec (simul- 
taneous signals) on the fourth test. 
typical oscillograph derived from the analog tape for Test 2 of Sequence 
3 .  
more gradual oxidizer injection pressure rise at oxidizer prime and a 
complete absence of pressure surges at ignition in the oxidizer injec- 
tion pressure on the first test. 
system for the second test and the presence of some gas in the system 
for. the first test. 
Comparison of 
- 
The 
A brief investigation of the effects 
Therefore, the 
The 
Figure 107 is a reproduction of a 
Comparison of the start transients for Tests 1 and 2 indicated a 
The data indicated a hard liquid 
The fuel injection pressure transients also indicated a more gas-free 
system on the second test by virtue of the more regular and higher 
frequency oscillation which occur during the priming transient. Gases 
in the fuel at ignition would lead to the smoother transient indicated 
in thrust for the first test. The thrust transient on the first test 
indicated a more rapid rise to a low thrust value than on the second 
test. 
on the second test. The engine was purged completely before each of 
these tests so it is presumed that no propellants existed downstream 
of the propellant valves in either case. 
small amounts of gas existed in the propellant feed system upstream of 
the valves on the first test and that the second test is therefore a 
more typical start. 
This rise was accompanied by accelerometer activity not present 
It therefore appears that 
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A comparison of the start  t rans ien ts  of Tests  2 and 4 indicated t h a t  
simultaneous signall ing of t he  propellant valves on Test 4 moved t h e  
oxidizer inject ion prime point much c loser  t o  the  fue l  i n j ec to r  prime 
point,but the  e f fec t  on the  ign i t ion  cha rac t e r i s t i c s  i s  not s i g n i f i -  
cant f o r  t h i s  range of oxidizer leads. The reason f o r  t h i s  is  t h a t  
t h e  oxidizer inject ion prime t rans ien t  is completed by t h e  time the  
fue l  in jec t ion  t ransient  and ign i t ion  occurs even with simultaneous 
valve s ignals .  
fue l  i n j ec to r  prime could occur 20 t o  30 milliseconds e a r l i e r  without 
s ign i f i can t ly  affect ing t h e  ign i t ion  charac te r i s t ics .  However r e s t a r t  
cha rac t e r i s t i c s  could be affected because shor t  coast  times tend t o  
reduce t h e  oxidizer lead even fur ther .  Thrust overshoot and accelero- 
meter data  tabulated i n  Appendix A of t he  Task XII-Phase I1 Data Dump 
indica te  t h a t  these charac te r i s t ics  d id  not vary much between Tests  3-2 
through 3-4. 
In f a c t ,  t he  shape of t h e  t r ans i en t  indicated tha t  
The start t rans ien t  f o r  Test 3-18A is  shown i n  Fig.108. 
t i on  spike on t h i s  t e s t  occurred not a t  i gn i t i on  but a t  t he  time t h e  
oxidizer  in jec tor  primed. 
indicated 1500 g a t  tha t  time. 
in jec t ion  pressure a t  prime implies a detonation i n  the oxidizer dome a t  
t h i s  time. 
value of  t he  spike i s  even higher than indicated) .  I t  i s  suspected t h a t  
the  dome was contaminated even though the  in j ec to r  was purged before t h e  
test .  
The high accelera- 
The +ZOO0 g accelerometer (not recorded i n  .Fig. 108) 
The high value of the  spike i n  oxidizer 
(The instrumentation i s  nearly saturated so t h a t  t he  actual  
An accelerometer spike of lesser  magnitude occurred a t  ign i t ion .  
magnitude of t h i s  pike was more typical  of values recorded a t  the  start  
of a first t e s t  o f  a vacuum period. 
t i ons  recorded by accelerometers a t  d i f f e ren t  locations on t h e  chamber. 
As an indicat ion of the  physical s ignif icance of t he  magnitudes of these 
accelerat ion,  i t  is noted tha t  a l i g h t  t ap  with a hammer on t h e  in j ec to r  
dome resu l ted  i n  accelerat ions of up t o  500 g 's .  
The 
Note the  wide var ia t ion  i n  accelera- 
Engine Shutdown and Soakout Character is t ics  
A typ ica l  shutdown t rans ien t  after a long duration test  without pos t t e s t  
purges is  shown in  Fig.109. 
s ignal  considerable accelerometer a c t i v i t y  begins and lasts f o r  up t o  
several  seconds, 
g-loads a t  r e s t a r t  f o r  test  with coast  durations l e s s  than 5 seconds. 
Pos t t e s t  accelerometer readings of several  hundred g ' s  were occasionally 
recorded. 
encountered on one of the  accelerometers whereas the  data from t h e  other  
3 accelerometers was f a i r l y  random. 
Approximately 0.6 seconds after the  shutdown 
Because of t h i s  phenomenon, it was d i f f i c u l t  t o  evaluate 
llFootball" type osc i l l a t ion  of 2400 Hz were frequently 
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Fuel and oxidizer injection pressures at the beginning of the acceler- 
ometer activity were in the order of 40 and 20 psia respectively, which 
corresponds to a saturation temperature of 240F for -ir6i and 60F for hT0. 
On short duration tests such as 3-18 and 3-18A which were of 0.15-second 
duration no posttest accelerometer activity occurred. 
On Test 3-18C, which was 0.9-second duration, accelerometer activity did 
not occur until approximately 1.2 seconds after shutdown and was signifi- 
cantly less severe than that following long-duration tests. 
was a series of 1-second duration tests with varying coast times. 
Accelerometer activity began 1.4 seconds after shutdown for the first 
tests and occurred at progressively shorter times, such that, at the 
latter tests the activity was commencing at 0.5 seconds after the shut- 
down signal. 
Sequence 4 
Sequence 6 included a series of 16 tests of approximately 0.2-second 
duration. The only posttest accelerometer activity recorded during this 
test sequence was after Test 8 which was the longest duration (0.27 sec) 
test of the series. 
after the shutdown signal. 
chamber wall temperature was the highest on Test 8. 
accelerometer activity occurred, the highest temperature was 235F 
measured at the -8 inch station on the chamber. 
at this time was apgroximately 20 psia corresponding to a saturation 
averaging approximately 50F. 
Thus, it appears that the posttest accelerometer activity depends upon 
the engine temperature at shutdown which, in turn, is a function of the 
test duration. 
The activity was quite mild and occurpi 1.7 seconds 
The posttest value of the regenerative thrust 
At the time the 
Fuel injection pressure 
y__ tempera- Coalant inlet manifold temperatures were quite cool 
The accelerometer activity may be due to violent boiling of MMH in the 
regenerative coolant jacket or NTO in the injector. 
probable source of the effect is suggested by the following data (all 
times referred to the shutdown signal). 
However, a more 
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Test Time of Accelerometer Time of Purge Ini t ia t ion,  Sec 
Fuel Oxidizer -xxr 1- Activity, Sec. 
3-4 
3- 5 
3- 6 
1-12 
7-60 7-7 
0.6 t o  4.6 
0.7 t o  4.6 
0.7 t o  3.6 
0.7 t o  2.7 
None 
None None 
None None 
2 7 
2 7 
-1 -1 
These tests were a l l  of sufficiently long duration ( >5 sec) t o  heat the 
engine. 
2 seconds after the shutdown signal, the duration of the accelerometer 
ac t iv i ty  was significantly reduced. When.the purges were in i t ia ted  dur- 
ing the shutdown transient (by sett ing the purge pressures lower than 
steady-state injection pressures prior t o  the  shutdown signal) the 
character is t ic  accelerometer act ivi ty  did not occur, This suggests tha t  
for an unpurged hot engine shutdown, t h e  oxidizer drains out of the duct 
while fuel boils out of the chamber jacket giving rise t o  sporadic low- 
level combustion and popping. The oxidizer purge blows the NTO out of 
the duct rapidly and eliminates the low-level combustion. With a cold 
chamber (fir ing times SO.2 sec) the fue l  comes out of the jacket very 
*be oxidizer simply drains out of the injector  and cham- 
ber slow3- w i t  out combusting. Although the  accelerometer ac t iv i ty  is quite  
pronounced after cutoff the effects are not manifested i n  e i ther  thrust  
o r  injector  pressures (the chamber pressure measurement did not have 
rapid response characterist ics) and are probably not harmful t o  the 
engine. 
When the oxidizer purge only was in i t i a t ed  manually approximately 
Figures 1lOandlllrepresent typical soakout transients a t  selected loca- 
t ion for an engine which has been f i red long enough t o  have reached 
thermal equilibrium. The test shown was a 5-second test after a hot 
engine restart. Regenerative chamber outer wall temperatures a t  the 
-16 inch location, behind acoustic cavities,  are shown in  Fig.100. 
The wall a t  t h i s  point receives heat inputs from the acoustic cavity 
dams and the injector and is  cooled by MMH being boiled i n  the jacket. 
The heat inputs a t  first predominate and the temperature rises f o r  
approximately 40 seconds, a f t e r  which the cooling injector  and cavity 
dams cannot keep up with the cooling capabili ty of the W and the 
temperature again decays. When the M H  is depleted t o  the point tha t  
l iquid can no longer percolate up the  channel t o  cool t h i s  region, the 
temperature again rises i n  response t o  the injector  heat input,reaches 
a maximum,and decays as heat i s  transferred t o  the rest of the chamber 
and the environment. The maximum temperature a t  t h i s  location was less 
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than 300F, well below the decomposition temperature of W. 
The back wall temperatures at the -13 inch location are plotted in 
Fig.lll. 
M is not being felt at these locations. The maximum temperature 
reached on this test at this location was 445F, the highest on the 
regenerative chamber wall. 
channel wall temperatures much higher than this value has been demon- 
strated in the heated tube test program of Task IX. 
The upper two curves indicate that the cooling effect of the 
That the chamber can be safely started with 
Temperatures at the coolant inlet are plotted in Fig.112. After shutdown 
the temperatures generally indicate a constant temperature value until 
approximately 60 seconds after which they decay at the same rate, 
the coolant is exhausted at each thermocouple, the thermocouple is 
heated by the surrounding metal and indicates an increasing temperature. 
The minimum values therefore indicate the time of fuel depletion at each 
thermocouple location. The thermocouple measuring the temperature 
indicated by the curve coded with a triangle is near the top of the 
inlet manifold and is depleted very soon. 
further down in the manifold. 
cqded with a diamond, is faily close to the lowest point in the inlet 
manifold and, thus, its turnaround point indicates nearly complete 
depletion of fuel in the manifold. 
mately 90 seconds after cutoff. 
As 
The other thermocouples are 
One thermocouple, indicated by the data 
This occurs at 95 seconds or approxi- 
A summary of propellant depletion times and conditions for typical 
vacuum soakout tests is given in 'Fable 41 . The fuel and oxidizer 
interface temperatures are measured upstream of the valves and are 
given at the start of the firing as indications of propellant tempera- 
tures during the test. Test durations quoted are the durations during 
which the thrust exceeded approximately 90 percent of the steady-state 
value. 
at the lowest elevation in the system. 
determined as the time when inlet thermocouples indicated a minimum in 
temperature. 
pressure are also tabulated. For comparison the actual measured pres- 
sure, determined by averaging the low-pressure-range fuel inlet and 
fuel injection pressures at that time, is also presented. 
The lowest elevation in the oxidizer system is in the inlet duct near 
the engine inlet. The oxidizer inlet duct generally drains down from 
the valve into the engine with a very small puddling capability at the 
above mentioned location. Thermocouples are welded to the top and bottom 
of the duct at this location. The oxidizer depletion time is taken as 
the time at which the bottom thermocouple indicates a minimum value. The 
value of that minimum and the injection pressure measured at that time 
are also tabulated. 
The fuel inlet thermocouples measure the temperature of the fuel 
The fuel depletion times were 
That m i n i m  temperature and its corresponding saturation 
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Tests 3-17 and 3-182 were conducted with nearly ambient-temperature pro- 
pellants. 
so that the engine was at thermal equilibrium after this test. 
3-18C was a single one-second duration test corresponding to the current 
minimum required burn time of the OME. 
tion times of these two tests indicates that there is a factor of two 
in depletion times between the currently specified conditions which lead 
to the engine at its hottest and coldest temperatures. When a hot- 
engine soakout was conducted with cold fuel (Test 7-14) 300 seconds 
were required to deplete the fuel. No vacuum soakout tests were con- 
ducted after the engine had been fired for one second with cold fuel. 
However, using the previously noted factor of two in fuel depletion 
times for hot-engine and one-second tests with ambient fuel, it is 
estimated that fuel depletion will occur within 10 minutes after a one- 
second firing with cold fuel. 
Test 3-16 was the last of series of hot-engine restart tests 
Test 
A comparison of the fuel deple- 
Test 3-18A, 5-15 and 6-4A were typical of short-firing bursts which 
might be the result of a premature shutdown signal. 
temperature transients associated with these tests were very gradual 
because of the cold fuel and engine hardware making the actual depletion 
time difficult to determine. 
fuel can be retained in the engine for periods of 10 minutes to an hour 
after shutdown. The longer depletion time on Test 5-15 is probably the 
result of the colder fuel even though the engine hardware was somewhat 
colder on Test 3-18A. 
The posttest fuel 
It appears that under these conditions, 
One test (6-13) was conducted for an extremely short-firing time of 0.04 
seconds in order to determine whether freezing of the propellants would 
occur with a firing duration so short as to input practically no heat 
into the chamber. 
long to determine minimum fuel temperatures. 
were sufficiently high (70F) and falling at so slow a rate as to indicate 
that freezing of the fuel was not a likelihood. 
The 10 minute vacuum soak period was not sufficiently 
However, the temperatures 
In all cases, the measured pressures at the fuel inlet and injector were 
lower than saturation pressure at the time of depletion. 
additional evidence of the absence of fuel in the system at that time. 
This provided 
Very little oxidizer accumulates in the system as is evidenced by the 
10- to 12-second oxidizer depletion times for all of these tests. The 
relative depletion times of the fuel and oxidizer indicate that engine 
restarts between approximately 10 to 100 seconds after shutdown would 
result in a start with residual fuel only in the engine, A series of 
oxidizer valve only cycling tests were conducted during the program with 
70F oxidizer. The duct temperatures always remained above 17F during 
the post flow soakout periods. 
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Fuel duct temperature transients were somewhat difficult to evaluate 
because of the thermal input from the radiation cooled nozzle. Well- 
defined minimums and the temperatures of the bottoms of the fuel duct 
near the valve and near the chamber inlet imply the presence of fuel 
in the duct for as long as 170 seconds after the firing. 
The regenerative coolant inlet manifold is cooled during the soakout by 
vaporizing MMH and is heated primarily by the radiation cooled nozzle 
through the connecting flange. 
equilibrium after approximately 30 minutes of vacuum soak after a hot- 
engine shutdown. 
circumferential locations is approximately 22fiF. 
temperature at the 180' location is approximately 190F. 
in the temperature transient of the fuel inlet manifold is related to 
fuel depletion but cannot be used to define the exact time of fuel 
depletion because of the massive nature of the inlet manifold. 
Test Sequences 1 through 6 were run with the full length, 
in order that the thrust overshoot might be correctly simulated. 
nozzle is more massive than the flight type nozzle. 
nozzle, although only an E =  9 nozzle, was designed by thickness control 
to simulate the early soakout transients of a flight type nozzle. Test 
Sequences 7 and 8 were conducted with this columbium nozzle. 
The nozzle surface and fuel inlet manifold skin temperature soakout 
transients are shown in Fig.ll3for Test 7-14. 
steel nozzle, the nozzle temperature decay is much more rapid. 
the affect on the fuel inlet manifold skin temperature for the first 
100 to 200 seconds is quite similar. 
inlet manifold temperature at 150 seconds is approximately 25F higher 
than the pretest value. 
approximately 15F higher than the pretest value. 
inputs from the steel nozzle to the fuel inlet manifold are similar to 
thermal inputs which may be expected from a flight type nozzle during 
the early soakout transient. 
The inlet manifold reaches thermal 
The equilibrium temperatures at the zero and 90' 
The equilibrium 
The minimum 
E= 72, nozzle 
This 
The columbium 
In comparison with the 
However, 
For the steel nozzle, the average 
For the columbium nozzle, the posttest value is 
Thus, the thermal 
The steel nozzle temperature after a l-second firing does not heat up 
significantly and causes very little temperature rise in the inlet mani- 
fold during the soakout transient. 
Res tarts 
The objective of this phase of the testing was primarily to evaluate the 
restart capabilities of the OME and determine whether any limitations of 
the presently specified duty cycle exist. 
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Conditions which were considered possible problem areas before the 
test program were: 1) high and low propellant and hardware temperature 
which might result in fuel decomposition or oxidizer freezing re- 
spectively, and 2) inversion of the nominal oxidizer lead (due to more 
rapid draining of the oxidizer out of the engine between restarts) 
which might have an adverse effect on thrust and pressure overshoots 
and acceleration spikes. 
The test program was therefore accomplished with engine and propellant 
temperatures and coast times selected to generate those conditions 
which would be most conducive to the aforementioned potential problems. 
Potential Freezing and Overheating Conditions. 
effects were alluded to in the discussion of the posttest shutdown 
transients. 
potential problem were the tests conducted in Sequence 6. 
were approximately of 0.2 seconds duration so that very little heat was 
added to the engine and the hardware was cooled by evaporation. 
test conditions and effects on the oxidizer system and chamber pressure 
are tabulated for Sequence 6 tests in Table g ’  . 
the minimum oxidizer duct temperature occurs at approximately 10 seconds 
after shutdown. Therefore, those tests which have shorter coast dura- 
tions than 10 seconds do not reach the minimum duct temperature. . 
data indicates that the duct temperature reaches the freezing point of 
NTO between some of the tests. 
oxidizer injection pressure or chamber pressure for the subsequent test 
was noted indicating that very little freezing of the NTO occurs during 
the coast period. 
transient after a 16-second coast period. The short period of oxidizer 
flow (approximately 0.2 seconds) is sufficient to warm the duct to 50F. 
The oxidizer cooling 
The most severe conditions tested to aggravate this 
These tests 
The 
As previously noted, 
The 
However, no significant effect on 
Figure112is a plot of the oxidizer duct temperature 
From these data it appears that repetitive tests of even 0.2 seconds 
duration (the currently required minimum firing duration is 1.0 seconds) 
would not result in significant icing of the oxidizer system with ambient 
temperature propellants and > 1  second between tests. The only tests of 
greater severity which could have been imposed would be to have conducted 
the cycling test with 40F oxidizer at higher simulated altitudes. How- 
ever, the data in Table 42 
effect on oxidizer depletion time or minimum duct temperature as can be 
seen by comparing the values tabulated for Tests 5-15 and 6-4A. 
therefore appears that repeated cycling even with 40F oxidizer would not 
cause significant freezing of the NTO. 
Freezing of MMH between firings does not appear to be a problem at all. 
The data in Table 42 
1 second to maximum burn durations the MMH soakout temperature will be 
indicates that oxidizer temperature had little 
It 
indicate that for engine firings ranging from 
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TABLE 42 
OXIDIZER COOLING EFFECTS 
Test 
HT1-6- 
1 
2 
3 
3A 
4A 
5 
6 
7 
7A 
8 
.9 
10 
11 
12 
12A 
12B 
Firing 
Dur., Sec 
0.16 
0.18 
0.20 
0.18 
0.20 
0.20 
0.20 
0.25 
0.26 
0.27 
0.16 
0.23 
0.20 
0.16 
0.17 
0.16 
Coast 
Dur., Sec 
181 
20 
56 
61 
31 
6.3 
5.1 
2.5 
856 
5.2 
45 
2.7 
3.1 
7.6 
~ 
Minimum Oxid. 
Duct Temp., F 
13 
15 
13 
11 
12 
30 
42 
59 
15 
49 
16 
55 
59 
33 
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Oxid. Inj. 
Press., Psia e 
185 
185 
'1 83 
184 
182 
183 
186 
184 
184 
185 
186 
184 
185 
188 
185 
185 
Chamber 
'ress., Psia 
130 
135 
133 
133 
133 
134 
134 
135 
134 
137 
134 
135 
134 
138 
138 
136 
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x 
5 
I- 
L 
Q) 
N 
U 
x 
0 
.- .- 
R-9686 
6-76 
approximately ambient. The MMH soakout temperatures even after very 
short duration firings are very far removed from the freezing point. 
It was demonstrated that the thrust chamber could start with a hot 
regeneratively cooled jacket on Sequence 3.  
chamber wall temperatures approaching 400F several times. 
stantiates the results of the heated tube tests conducted under Task IX 
of this contract. 
temperatures soaked out to values exceeding 500F (the instrumentation 
limit) with no indication of explosive decomposition or fouling of the 
channels. 
The engine was started with 
This sub- 
Test 3-23 was a fuel depletion test in which wall 
Restart Transients. 
and pressures are summarized in Table X of the Task XII-Phase I1 Data 
Pretest values of engine and propellant temperatures 
Dumpfor the restart test sequences. Consistent values of the propel- 
lant interface pressures indicated that the facility was always set up 
to deliver the same engine inlet conditions. 
deviations in the interface pressures occur during the very short coast 
times when the system was still experiencing some pressure transients 
from the previous shutdown. Tank pressures were more nearly constant 
even for these conditions. The restart tests may be grouped into hot 
engine restarts, where the engine is at equilibrium temperature at shut- 
down; warm engine restarts, where the engine has been fired to 1 second 
prior to shutdown; and near-ambient engine restarts where the engine has 
been fired only a few tenths of a second prior to shutdown. 
The most significant 
Ideally, the test program would be conducted by bringing the engine and 
all components to a uniform temperature, firing the engine, coasting the 
prescribed time period, restarting the engine, and returning the 
complete engine to the required temperature prior to the next test. 
Returning the engine t o  a specified temperature involves considerable 
time. 
indicated that the purges were not very effective in bringing the hard- 
ware rapidly to a uniform temperature and that the flushes could be a 
source of contamination. It was decided, therefore, not to condition 
the engine between tests. 
Typical thrust overshoot and accelerometer data are shown in Fig.ll5as 
a function of oxidizer lead for the hot restart tests. These results 
were utilized in conjunction with the Sequence 3 tests to determine 
thrust overshoot and accelerations as a function of coast time. (The 
oxidizer valve was erratic during this test sequence and a direct 
correlation between coast time and thrust overshoot could not be 
obtained). 
The purging and flushing operations conducted in Sequence 1 
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Thrust overshoot and accelerometer results for the various start condi- 
tions are presented in Figs. 116-119 as a function of coast time. 
overshoots vary from 70 percent for short-coast time to 130 percent 
for long-coast times. These values can be reduced possibly by reducing 
the valve opening rates. On the previous (Phase I )  test program with 
the same thrust chamber assembly, using facility valves, thrust over- 
shoots were in the order of 70 percent for a 200 msec oxidizer injec- 
tion pressure lead. 
Thrust 
The injector priming characteristics for the four types of starts 
investigated are summarized in Figs. 120-123. 
derived injector oxidizer lead time versus coast time curve indicates 
that no matter what the coast time, the oxidizer lead would be 25 milli- 
seconds or greater, 
oxidizer system relative to the priming of the-fuel system. 
the case of a 10-second coast period where the propellant depletion data 
indicated that no oxidizer remained in the system while significant 
amounts of fuel did exist, the oxidizer system refilled completely in 
a shorter time than that required to fill the fuel side. Thus, the 
higher accelerations related to the short oxidizer leads experienced 
during Test Sequence 3 would not exist in a system wherein the valves 
operated simultaneously. Accelerations in the order of 15 g's would 
result for all coast times. 
It should be noted that the 
This is the result of the rapid priming of the 
Even for 
Throttling Tests 
Test Sequence 7 included a series of tests the purpose of which was to 
determine the level to which chamber pressure could be reduced before 
chugging would occur and the effect of mixture ratio on this minimum 
pressure level. 
continuous blowdown tests) to minimize facility hyperflow time. Cold 
fuel (40F) was used to enhance the regenerative coolant safety factor 
at low chamber pressures. Propellants were not saturated with helium 
for Sequences 7 and 8. 
Discrete 5-second tests were conducted (as opposed to 
These tests (7-7 through 7-14) were conducted with unsaturated propel- 
lant using the facility feed-system configuration which simulates the 
OMS. Tests 7-2 and 7-4 were moderately low-pressure tests conducted 
with the external facility propellant tanks. Based on the stiffness 
factor, 
chamber pressures, and 4 is the propellant flowrate) the feed system 
using external oxidizer tanks is 3 percent stiffer than the OMS simu- 
lated system and the feed system using external fuel tanks is 8 percent 
stiffer than the corresponding OMS system. 
mTG (where AP is the difference between propellant tank and 
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The range of chamber pressures ,  propel lant  f lowrates ,  and mixture 
r a t i o s  t e s t ed  is  shown i n  Table 4 3 .  Measured and predicted i n j e c t o r  
pressure drops are tabulated.  
values recorded when no s ign i f i can t  o s c i l l a t i o n s  were occurring dur- 
ing the  tes t .  
values of Test 7-7 and ra t ioed  according t o  t h e  square of the  flow- 
rates. 
drops p a r t i c u l a r l y  a t  lower pressures  may be the  r e s u l t  of subt rac t -  
ing two high pressure measurements ( in j ec t ion  and chamber pressures) 
t o  obtain a 
expected from instrumentation inaccuracies ,  Values of i n j e c t o r  AP 
divided by Pc a r e  a l s o  tabulated based on the  predicted pressure drops. 
Tests  were conducted with values as low as  approximately 0.2 on each 
s i d e  of t he  i n j e c t o r ,  
Chug frequencies of 200-300 Hz were noted, 
quencies were indicated during the  ea r ly  port ions of some of the  t e s t s .  
The lower frequency pe r s i s t ed  f o r  less than a second a f t e r  s t a r t .  
The measured pressure drops are the  
Predicted values are a l l  r e fe r r ed  t o  the  measured 
The difference between the measured and predicted pressure 
AP although the  discrepancy is  g rea t e r  than would be 
Osc i l l a t ions  a t  two fre- 
Heat load da ta  f o r  the  t h r o t t l i n g  t e s t s  a r e  shown i n  F ig .124 .  
da ta  taken on t h e  10-second durat ion tests a t  nominal pressure agree 
q u i t e  well with the  da ta  from t h e  previous Phase I t e s t  e f f o r t .  The 
da ta  from t h e  10-second tests indicated t h a t  t he  value of t he  hea t  
load measured a t  10 seconds was approximately 60 BTU per  second higher 
than t h e  value measured a t  5 seconds. The t h r o t t l i n g  tests were of 5- 
second durat ion.  
Raising the  p lo t t ed  values by 60 BTU per  second r e s u l t s  i n  very good 
agreement with the  Phase I data .  
thermal e f f e c t s  occur during chugging operation. 
are high enough s o  t h a t  cyc l i c  e f f e c t s  almost completely damp out 
across t h e  chamber wall .  
extent  by the  chugging, 
Chugging was not evident a s  t he  chamber pressure was reduced from t e s t -  
t o - t e s t  u n t i l  Test 7-8 where a chamber pressure of 84 p s i a  was obtained 
for  steady s t a t e ,  
seconds after ign i t i on  a t  a frequency of about 300 Hz as shown i n  Fig. 125. 
As t he  chamber pressure was reduced on t h e  successive tests,  t he  durat ion 
of t h e  chugging increased u n t i l  a t  a chamber pressure of 68 p s i a  chugging 
continued throughout t he  t e s t ,  When the  chamber pressure was increased 
on the  next tes t  t o  73 p s i a  and the  mixture r a t i o  was decreased t o  1.5, 
continuous chugging occurred f o r  1.6 seconds but continued sporadical ly  
throughout the  remaining durat ion of t he  t e s t .  
r a t i o  t o  1 .6  and 1.9 a t  
r e su l t ed  i n  small changes i n  the  chug amplitude. 
The 
The values recorded a t  t h i s  time a r e  p lo t t ed  i n  Fig.124. 
Therefore it appears t h a t  no adverse 
The chug frequencies 
Cycle l i f e  i s  probably degraded t o  a small 
On t h i s  tes t ,  chugging occurred f o r  approximately 0.6 
Variation of t he  mixture 
-67 ps i a  chamber pressure on the  next two t e s t s  
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Based on the resu l t s  of these tests, it may be concluded that the 
chamber can be s ta r ted  t o  a chamber pressure of approximately 90 p s i  
without chugging. However, i n  the  blowdown mode of operation (where 
chamber pressure decays gradually) if no external disturbances occur, 
the engine may be thro t t led  t o  perhaps 65-75 psia without chugging. 
The chugging did not appear t o  be detrimental to  the engine over the 
I several 5-second duration tests conducted i n  t h i s  program. 
thrust  chamber with a 72:l nozzle. 
a vacuum specific impulse with a 72:l  nozzle of 309-310 seconds. The 
baseline performance tests on Sequence 7 indicated a 2-3 second lower 
performance, the reason fo r  which could not be determined. 
A l l  of these t e s t  programs indicated 
However, the 
i Boundary Layer Coolant Effects 
Tests were conducted t o  determine the effects of elimination of boundary 
layer coolant, BLC, on performance and heat transfer. 
tests of Sequence 7 and a l l  the tests of Sequence 8 were conducted with 
the feed system configured t o  provide precise flow data for  BLC campari- 
son. Since Sequence 7 was also conducted t o  evaluate throt t l ing 
characterist ics,  the high area r a t i o  radiation cooled nozzle was 
replaced by the shorter, E = 9 ,  nozzle t o  prevent chamber damage result-  
ing from vibrations during deep throt t l ing.  
t ion  was retained for  Sequence 8. 
The first seven 
The same nozzle configura- 
The fuel temperature was reduced t o  40F for  Sequences 7 and 8 t o  enhance 
the cooling safety factor during the throt t l ing tests and the tests 
without BLC. Prior t o  Sequence 8, the injector was modified by insert-  
ing pins in to  the 68 BLC or i f ices  around the periphery of the injector. 
Ten of these pins were found t o  be missing a f te r  t h e  Sequence 8 tests. 
E i q t  of these were i n  the sector  of the chamber defined by 0 = 70 t o  
110 (the fue l  i n l e t  is a t  0 = 270'). 
ing from the injector  end of the chamber. 
Theta i s  measured clockwise view- 
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Thermal Data. Thermal data taken during the Phase I1 test series at 
WSTF were the same as in Phase I and consisted of fuel bulk tempera- 
ture rise, regenerative chamber back wall temperature, and steel heat 
sink nozzle temperature transients or columbium radiation cooled nozzle 
temperature response and equilibrium values. These data, together with 
the data generated during the heated tube tests under this contract, 
were used to provide an indication of the safety margin at which the OME 
Integrated Thrust Chamber (ITC) was operating both with and without 
supplemental boundary layer cooling (BLC). Radiation equilibrium 
temperatures for a full size ( E = 72:l) columbium nozzle with and with- 
out BLC were predicted based on the results of tests with the short 
demonstrator columbium nozzle (75~19) in conjunction with the full size 
steel heat sink nozzle temperature transients. 
A comparison of the coolant outlet temperature response with and without 
BLC are presented in Fig.128 and 129for cold and hot start conditions 
respectively. It is apparent that deletion of boundary layer coolant 
results in a significant increase in regenerative coolant outlet 
temperature as would be expected. 
A comparison of the relative heat loads as a function of chamber pres- 
sure is given in Fig.130. 
load by about 22 percent. 
cylindrical 
shown later. This is in agreement with analytical predictions. The 
non-film-cooled chamber results, however, are lower than originally 
predicted due most likely to the fuel rich outer region inherent in the 
L/D #1 injector design. Mixture ratio effects are seen to be negligible 
which is in accordance with analytical predictions. 
The nominal BLC condition reduces the heat 
Most of this reduction occurs in the 
section of the combustor near the injector end as will be 
Back (outer surface) wall temperature response curves for zero BLC are 
similar to the nominal BLC results except, of course, the final values 
reflect the higher heat loads. 
A notable difference between the tests with and without BLC is that the 
soakout temperatures prior to restart are in excess of 500F at the 
x = -13 inch location without BLC. 
300F when supplemental BLC is utilized. 
hotter without BLC as would be expected due to higher operating back 
wall temperatures (due to higher bulk temperature) and hot-gas wall 
temperature (due to increased local heat flux). The acoustic cavity 
and dams probably also operate at higher temperatures and contribute 
to the higher soakout temperatures. 
This compares to a value of about 
The head end obviously operates 
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Steady-state back wall temperatures are utilized primarily as an indi- 
cation of axial heat load distribution and circumferential heat load 
uniformity. These measurements are relatively insensitive to local heat 
flux variations and tend to reflect integrated heat load along a channel 
in that back wall temperatures are strongly influenced by the local bulk 
temp era tur e. 
A comparison of the average back wall temperature profile with and with- 
out BLC is presented in Fig.131. 
from the regenerative coolant inlet to a point about 8 inches upstream 
of the throat. 
from the injector to about 10 inches upstream of the throat. 
The effect of BLC is seen to be small 
The primary effect of BLC occurs in the region extending 
In the case of film cooling, the back wall temperatures are relatively 
flat or decreasing in going from X = 8 inches to the injector end. 
would indicate a combination of reduced heat flux level and relatively 
constant bulk temperature resulting from the lower heat flux. Without 
BLC, however, the back wall temperatures continue to increase right up 
to injector end and decrease only in the acoustic cavity region. This 
would indicate a relatively constant heat flux and increasing regenera- 
tive coolant bulk temperature in the cylindrical region. Reduced heat 
flux level in the acoustic cavity accounts for the reduced back wall 
temperature in that region. 
This 
In general, circumferential variations in back wall temperatures were 
less than 10F in the nozzle and throat region. The variation appears 
to increase significantly to about 30 to 40F in the combustor/injector 
end region both with and without film cooling. This variation would 
amount to about - +10 percent difference in heat load to the regenerative 
coolant. 
Comparison of the average acoustic cavity back wall temperatures 
(measured at 8 circumferential locations) with the average outlet bulk 
temperature give agreement within about 1 to 2F in most cases. 
would indicate that these acoustic cavity region measurements are 
essentially equivalent to local coolant bulk temperatures (due to very 
low heat flux levels) and can be utilized to indicate nonuniformity of 
circumferential heat load. Based on the results of the 10 nonfilm 
cooled tests, the average circumferential variation range in heat load 
was +10 percent and -12 percent. 
This 
A typical plot of back wall temperature distribution without BLC is 
presented in Fig.132for the test conditions as noted. 
at the 270 degree location 4 inches to 13 inches upstream of the throat 
were inadvertently installed over mid-land rather than mid-channel and 
are not included due to the resulting higher recorded temperatures). 
(Thermocouples 
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The predicted back wall and hot gas wall temperature profiles are also 
presented for comparison. 
layer analysis (without film cooling) with a slight adjustment (= 4 per- 
cent reduction) in order to match the total integrated heat load. The 
experimental and predicted back wall temperature profiles appear to be 
in relatively good agreement. 
ture is about 780F without BLC 
Test Sequences 7 and 8 were conducted using the columbium radiation cooled 
nozzle. The nozzle attaches to the ITC at an area ratio of 7:l and 
extends to an area ratio = 9:l. The latter dimension was selected based 
on compatibility with the diffuser utilized during earlier tests at 
Rocketdyne's facility, 
simulate soakback conditions after shutdown. The wall thickness has a 
negligible effect on radiation equilibrium temperature. 
temperature response data for tests with and without BLC are presented 
in Fig.133. 
rium wall temperature f o r  the test with no supplemental film coolant. 
This essentially proves that there is film coolant carry-over downstream 
of the throat. 
The predicted values are based on a boundary 
The predicted maximum hot gas wall tempera- 
compared to about 740F with BLC. 
L 
The 0.050-inch wall thickness was selected to 
Typical 
It is apparent that there is a definite increase in equilib- 
The use of full-size columbium nozzle ( E =72:1) would result in a wall 
tenperature increase of about 90F in each case due to a reduced view 
factor out of the nozzle exit plane. The resulting maximum equilibrium 
temperature for a full-size columbium nozzle are, therefore, 1800F and 
1630F without and with BLC, respectively. The latter value compares 
favorably with the 1700F predicted based on theoretical extrapolation 
of the CRES heat sink nozzle test results as discussed in the Phase I 
section. 
is due to the high emittance ( ~0.9) coating utilized for oxidation 
protection. 
. 
The slightly lower temperature achieved by the columbium nozzle 
These results support the previous (Phase I) conclusion that the use of 
a refractory material is unnecessary at the current attach point with o r  
without supplemental BLC. 
appears quite feasible which should result in considerable cost saving. 
Alternatively, the columbium nozzle could be attached at a lower area 
ratio ( =3:1) with an attendant reduction in engine weight and regen- 
erative coolant bulk temperature rise ( -20F). 
The use of an L-605 type nozzle extension 
Safety Factor and Fatigue Life 
A primary purpose of the OME Reusable Thrust Chamber Test program (both 
chamber and heated tube tests) was to obtain data which would improve 
estimation of the OME regenerative coolant safety factor profile and, 
indirectly, fatigue life capability. This was accomplished by modifying 
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the analytical models to fit the thermal data and then utilizing these 
models to predict heat flux and wall temperature profiles. 
The resulting predicted heat flux profiles at nominal operating condi- 
tions are presented in Fig. 133A with and without BLC. 
model indicates a liquid film persists about 3 inches downstream of the 
point of impingement on the wall. 
negligible since the film and regenerative coolant temperatures are 
nearly the same. 
2 BTU/in-see throughout the cylindrical combustor region. 
The film cooling 
The heat flux in this region is 
% 
Tne case without BLC indicates a nominal heat flux of 
The resulting safety factor profiles based on 2-D conduction effects is 
presented in Fig.134 for current off-design conditions (Pc = 120 psia, 
MR = 1.73 and Tin = 100F). 
the throat and nozzle region. 
factor in the combustor region, particularly near the injector end. 
The case without BLC results in a minimum safety factor of about 1.2 due 
to a combination of high coolant bulk temperature (reduced subcooling) 
and comparatively high heat flux level. 
increases the safety factor at the injector end due to greatly reduced 
heat flux level in the region of minimum subcooling. In addition, the 
maximum coolant bulk temperature is decreased which further enhances the 
safety margin. 
The coolant safety factors are similar in 
There is a marked difference in safety 
The use of film coolant markedly 
It should be pointed out that the ITC was not originally designed to 
operate without BLC. The minimum safety factor could be raised to a 
value of about 1.5 simply by increasing the coolant velocity in about 
the last 2 inches of the cylindrical section. 
increased pressure drop of about 2 psi. 
This would result in an 
The cyclic fatigue life profiles were calculated at nominal operating 
conditions using the predicted wall temperatures. The results, with and 
without BLC, are presented in Fig.135. 
in the region slightly upstream of the throat and is about 4800 and 4400 
cycles for operation with and without BLC, respectively. Application of 
a life safety factor of 4 would indicate a life capability in excess of 
the required 1000 cycles for either operating condition. 
The minimum predicted life occurs 
The life cycle capability of the two operating conditions differs the 
most in the combustor region due primarily to the difference in hot wall 
temperatures. 
It should be mentioned that a major restriction to the ITC fatigue life 
is due to the extremely high strength nickel (= 66,000 psi yield) as 
electrodeposited at Rocketdyne. By simply annealing the nickel, the 
chamber fatigue life can be increased since the thermal load would be 
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divided more equally between the CRES liner and nickel closeout. Life 
can also be increased by reducing the thickness of the nickel closeout 
and/or CRES liner. 
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7 . 0  COMPARISON OF 8- AND 10-INCH DIAMETER THRUST CHAMBERS 
7.1 BASIC ENGINE DESIGN AND GROUND RULES 
The point design SS/OME Regeneratively Cooled Orbit Maneuvering Engine 
described by Rocketdyne in the Task I, I1 Data Dump includes a regen- 
eratively cooled thrust chamber having a contraction ratio of 2 and an 
injector-to-throat distance of 14.7 inches. The chamber has a diameter 
of 8.2 inches at the injector end and was designed with constant width 
channels from the injector through the throat region into the diverging 
section where a step change in the channel width was made to reduce the 
weight of the chamber. 
advantages in performance, stability, and heat transfer characteristics 
have been indicated for a chamber having a contraction ratio 3 instead 
of 2. 
cation of a chamber using constant land thicknesses instead of constant 
channel widths. Finally, experimental heat flux profiles became avail- 
able for both chambers. 
was to compare the high and low contraction ratio thrust chambers and 
the two channel design concepts on the basis of weight, pressure drop, 
and performance. 
in this analysis. 
tively cooled thrust chamber, and the radiation cooled nozzle. Engine 
design factors from the Rocketdyne Data Dump, NASA CR-128675, and vehicle 
trade factors furnished by NASA were used in the study which is reported 
in more detail in NASA CR-141675. 
Since that Data Dump was prepared, potential 
Also, significant weight advantages have been shown for fabri- 
The purpose of this analytical and design study 
Only the basic thrust chamber assembly was considered 
The assembly consists of the injector, the regenera- 
Three chamber configurations were analyzed: 1) an 8-inch diameter 
( Gc = 2) chamber having constant width channels; 2) an 8-inch diamete’r 
chamber having constant width lands; and 3) a 10-inch diameter chamber 
( Cc = 3) having constant width lands. 
drops, and nozzle performance were calculated for each configuration 
using experimental heat transfer data. 
convert the weights and pressure drops to equivalent specific impulse 
(tanked) weight. 
Component weights, pressure 
OMS trade factors were used to 
. values for: 1) constant OMS inert weight, and 2) constant OMS wet 
Ground rules for the study are summarized in Table 44. 
profiles are based on experimental data taken with Rocketdyne (Cc = 2) 
and Bell Aerosystems ( €c 
used to calculate the temperature distribution for the chamber with 
constant-width channels. The simpler, one-dimensional analyses were 
used for the chambers having constant-width lands. The narrow (0.040 
inch) width chosen for the land results in lower wall temperature be- 
cause the heat flux is uniformly distributed. 
and two-dimensional analyses were made of chamber with e, = 2. 
dimensional analysis indicated a wall temperature of 389.5F in contact 
with the coolant. The results of the two-dimensional analysis, shown 
The heat flux 
= 3) cliambers. Two-dimensional analyses were 
To verify this, one- 
The one- 
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TABLE44. GROUND RULES 
Components: In jec tor ,  Chamber, Nozzle 
Regeneratively Cooled Nozzle Area Ratio: 
Nozzle Area Ratio: 72 
7 
Chamber Length f o r  GC = 2: 
Nozzle % Length f o r  €c = 2 :  70 
In jec tor  AP not dependent on € 
14.7 Inches 
C 
Experimental Heat F l u x  P r o f i l e s  
Hot and Cold Wall Thicknesses: 0.030 Inches 
Regen Safety Factor: 1.5 a t  O f f  Design 
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in the schematic computer printout of Fig.136 indicate essentially the 
same temperatures implying that no two-dimensional conduction penalty 
results from the narrow land. 
If a land width much greater than 0.040 inches must be used (generally 
because of fabrication constraints), the two-dimensional penalty can 
be significant. For example, the two-dimensional analysis of a con- 
figuration with a 0.103-inch wide land (Fig.137)resulted in a maximum 
coolant side wall temperature of 402F compared to the one-dimensional 
value of 389F. 
heat flux and resultant reduced local safety factor. 
The increased corner temperature implies a higher local 
All chambers were designed to have a safety factor of 1.5 at the follow- 
ing off-design conditions: lOOF fuel inlet temperature, 120 psia 
chamber pressure and 1.73 propellant mixture ratio. 
Guided by previous designs and the data shown in Fig.i3gand13g5120 
channels were selected for all chambers. Land widths of 0.04 inches 
at the throat and inner and outer wall thicknesses of 0.03 inches were 
used for consistency on both chambers. The low contraction ratio cham- 
ber could use a 0.05-inch constant land if required by fabrication con- 
straints. 
chamber would result in branching. In practice, a very slight reduction 
in the contraction ratio from the value of 3:l would be required to 
eliminate the branching constraint. Alternatively, the extraneous lands 
could be machined out. This would result in a maximum channel width 
of 0.26 inches which would be marginal from the stress consideration 
and require further analysis. 
of lands follows. 
Use of the 0.05-inch land on the high contraction ratio 
A more detailed discussion of branching 
7.2 CHANNEL GEOMETRY 
. Figuresl38andl39are useful in making the initial estimates of design 
parameters for chambers having constant width lands. 
relationships between channel width, land width, and number of channels 
are shown in Fig.138. If the number of channels is small or the land 
width is large, as the straddle mill cutter moves from the throat 
region towards the injector-end the increasing chamber circumference 
results in the initiation and formation of a gradually widening land 
extraneous to the desired constant-width land. This extraneous land 
would probably have to be at least partially machined away to avoid 
the feather-edge pointing toward the throat region and may, in the 
extreme, present an unacceptably thick land near the injector-end. 
The curves shown in Fig.139indicate the combinations of channel and 
land widths and number of channels which can be used to avoid branching 
and extraneous lands. The branching constraint does not unduly restrict 
The geometric 
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CHANNEL D I MENS I ONS ( 1 N . ) 
WALL THICKNESS = 0.0300 
CHANNEL HEIGHT = 0.0911 
CHANNEL WIDTH = 0.1771 
LAND W 1 DTH = 0.0400 
CLOSEOUT THICK = 0.0300 
582.98 
512.82 
444.40 
380 79 
253 75 
207.08 
189.70 
188.94 
188.58 
188.46 
582.82 
512.47 
443 9 35 
378.39 
251.81 
206.38 
189.55 
188.85 
188.52 
188.42 
TWG(1-0) = 599.89 F 
TWC(1-D) =: 389.45 F 
HC (1-D)  = 0.8018~-02 
TAM = 3049.69 F 
HG = 0.673OE-03 
(BTW I N2-S-F) 
TBULK = 183.81 F 
TEMPERATURES (F) 
582.43 582.23 
51 1.54 510.71 
440.41 436.70 
370.83 357.00 
245.97 236.15 
204.32 200.97 
189.08 188.25 
188.59 188.21 
188.36 188.13 
188.30 188.10 
590.46 
520.23 
450.52 
381 .BO 
186.63 
186.80 
186.88 
186.91 
595 * 27 
455 52 
386.26 
525.20 
185.94 
186.09 
186.17 
186.20 
596 65 
526.57 
456.77 
387 25 
185.74 
185.87 
185.94 
185.96 
F igure136.  Two-Dimensional Thermal Analys is  o f  Channel 
Section - Constant Land Width Design 
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CHANNEL D I MENS I ONS ( I N . ) 
WALL THICKNESS = 0.0300 
CHANNEL HEIGHT = 0.0850 
CHANNEL WIDTH = 0.1140 
LAND W I DTH = 0.1031 
CLOSEOUT THICK = 0.0300 
677.31 
61 1.53 
550.41 
494.58 
368.66 
288.86 
238 79 
235.83 
234.13 
233-  57 
670.92 
604.69 
542.68 
485.85 
360.18 
283.40 
236.66 
233.96 
232.43 
231.94 
TEMPERATURES (F) 
653 37 
585 52 
519.74 
457.89 
333 * 73 
266.92 
230.36 
228.60 
227.70 
227.42 
631.21 
560.34 
485.24 
402.17 
286.23 
239 * 30 
219.55 
220.67 
221.15 
221.28 
TWG(1-D) = 599.41 F 
TWC(1-D)  = 388.89 F 
HC(1-D)  = 0.8040E-02 
TAW = 3049.69F 
HG = 0.673OE-03 
(BTU/IN2-S-F) 
TBULK.= 183.77 F 
617.74 
547 09 
474.47 
400.23 
212.35 
214.13 
215.11 
21 5.42 
61 1.52 
541.09 
469.47 
396.88 
208.83 
210.50 
21 1.51 
21 1.84 
609.72 
539.33 
467.97 
395.76 
207.72 
209.34 
21 0.33 
210.66 
F igure  137. Two-Dimensional Thermal Ana lys is  o f  Channel 
Section - Constant Land Width Design 
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Figure 138. Channel Geometry Relationships For Constant Land 
Width Chamber Design 
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r 0.140 
€ = 2.0 V = 10.5 Ft/Sec 
,,,e = 3.0 V = 3 . 4  Ft /Sec  
C 
C 
= 6.9 Lb/Sec 
Land 
Width 
' "'// 
c . u 3 w  No Branching 
Requ i red _040+ 
100 150 200 
NUMBER OF CHANNELS 
Figure 139-Channel Height Requirements For Constant Land Width 
Chamber Designs 
R-9686 
7- 7 
the combination of design parameters available for a constant land 
chamber with a contraction ratio of 2:l using a straddle mill cutter. 
For the chamber with a contraction area ratio of 3:l and a land width 
restricted to 0.040 inches or larger for fabrication and structural 
reasons, the number of channels must be restricted to 120 or less to 
avoid channel branching. 
mately 0.225 inches near the injector-end. 
channels below 120 results in wider channels which are not structurally 
acceptable. The sensitivity of the branching constraint to the chamber 
contraction ratio is obvious in Fig.138vhere it is shown that for a land 
width of 0.040 inches the maximum allowable number of channels is 
approximately doubled in the 2:l contraction ratio chamber compared to 
that of the 3:l chamber. The constraint on minimum channel width is 
reduced by almost a factor of 4 for the lower contraction area chamber. 
This results in a channel width of approxi- 
Reducing the number of 
The constant land design is not unduly constrained by channel height 
limits as shown in Fig.139 . For typical land widths and number of 
channels, the minimum channel height is greater than 0.08 inches for 
the small diameter chamber and greater than .075 inches for the larger 
diameter chamber. Selecting a large number of channels could result 
in a large ratio of the land (channel) height to width ratio which 
would be somewhat difficult to. machine. However, this only occurs 
when the number of channels exceeds about 200 for the smaller diameter 
chamber. 
7.3 ANALYSES AND RESULTS 
The three chambers described above were designed and analyzed to deter- 
mine pressure drops and channel height profiles. 
for the chambers, injectors, and radiation nozzles. The chamber with 
the higher contraction area ratio is 2% inches shorter than the other 
chambers so that a longer, higher performing nozzle can be used. 
Shuttle trade factors were used to convert differences in weight and 
pressure drop between the chambers to effective specific impulse 
differences. Combining these with the nozzle performance difference 
resulted in comparisons in performance between the three chambers for 
injectors with performance assumed to be equal, 
injector performance requirements for equal effective specific impulse 
were determined. 
Weights were calculated 
Space 
Alternatively, the 
Thermal Analyses 
The height profiles required to maintain the required safety factor at 
off design conditions in the various chamber design concepts are shown 
in Fig. 140 The channel width and land width profiles are shown in Fig. 141 
A typical pressure profile for the 8" diameter constant channel width 
chamber is shown in Fig. 142,. The jacket pressure drops and life 
R-9686 
7-8 
.15C 
.14! 
.14C 
135 
.13C 
.125 
- .120 
z * I 1 5  
3 
5 .110 
u 
H 
U 
LI * I O 5  
1 U .ogg 
.094 
.089 
.084 
079 
.074 
-15 -10 
-r 1 . _L_ 1 -m-- 
5 
A X I A L  DISTANCE FROM THROAT, X ( INCHES) 
Figure 140a. Channel Height Profile For 8-Inch Diameter Chamber - 
Constant Channel Width Design 
R-9686 
9-9 
0999 
0989 
0979 
* 0969 
0959 
9 0949 
n 
v) 00939 
W 
I 
0 
z 
t; ,0929 
!E 
J .0919 
% -0909 
0899 
,0889 
(3 
I 
-I 
w 
9 
0 
-0379 
.0869 
0859 
.. . 
- 
I I I I I 
-15  -10 -5  0 5 
AXIAL DISTANCE FROM THROAT, X ( INCHES) 
Figure 140b. Channel Height P r o f i l e  For 8-Inch Diameter Chamber - 
Constant Land Width Design 
R-9686 
7-10 
. loo 
097 
.096 
.094 
,092 
n 
v) 
w r 
V z - 
v .ego 
k 
0 
W 
I 
-I 
w 
z z 
- 
088 
2 
v .086 
.084 
.082 
.080 
.078 
IO- INCH D I A  CONST. L = ,040 INCH 
A X l A L  DISTANCE FROM THROAT, 
Figure 140c.Channel Height P r o f i l e  For 10- 
Constant Land Width Design 
x (INCHES) 
Inch Dlameter Chamber 
R-9686 
7-11 
- 1  5 
8 I N .  D I A .  CONST. W = .200/.114 
. i  
. 
.- .. 
- 1  0 - 5  
j B  
- f '  
1 1 1 1  
AXIAL DISTANCE FROM THROAT, X (INCHES 
I ! I t  
i '  
i 
i 1 v 
5 
Figure 141a. Land Width Prof  i le For 8-Inch Diameter Chamber 
Constant Channel Width Design 
R-9686 
7-12 
.230 
.220 
,210 
.200 
,190 
h 
v) 
w 
I 
.180 - 
v 
r 
!ii .170 
3 
4 
w z 
,160 9 
u 
.150 
.140 
,130 
.120 
.110 
-_ 
I 
- 
I 
L - .040 
-15 -10 -5 0 5 
AXIAL DISTANCE FROM THROAT, X (INCHES) 
Figure 141b. Channel Width P r o f i l e  For 8-Inch Diameter Chamber 
Constant Land Width Design 
R-9686 
7-13 
.260 
.250 
.240 
.230 
.220 
.210 
.200 
n 
I 
u z - 
.190 v 
I 
ki 
5 .180 
-I 
w z 
.170 9 
0 
.160 
.150 
.140 
.130 
.120 
.110 
-10 -5 0 5 
AXIAL DISTANCE FROM THROAT, X (INCHES) 
Figure 141~. Channel Width Prof i l e  For 10-Inch Diameter Chamber 
Constant Land Width Design 
R-9686 
7-14 
188.0 
187.5 
187.0 
186.5 
186.0 
a E 185.5 
185.0 
2 184.5 
184.0 
#I 
v) 
v) 
LL 
!s 
s 183.5 
I- 
a 
U 183.0 
a - 182.5 
a 
-I 182.0 
181.5 
181 .O 
180.5 
I- 
I- 
I- z 
0 
0 u 
180.0 
179.5 
179.0 
- 1  5 -10 - 5  0 5 
AXIAL DISTANCE FROM-THROAT, x (INCHES) 
Figure 142. Coolant Pressure P r o f i l e  For 8-Inch Diameter Chamber 
Constant Channel Width Design 
R-9686 
7-15 
expectancies are summarized below. 
Jacket AP, psi Life, cycles &C Construction 
Constant Channel 2 7.7 5100 
Constant Land 2 4.1 5100 
x Constant Land 3 3 .9  4500 
The drop for the chamber with low contraction ratio and constant width 
channels is less than that measured on Rocketdyne's Demonstrator and 
Integrated thrust chambers because the latter were designed to accom- 
modate a theoretical heat flux which was considerably higher than the 
experimental profile near the injector. 
files are shown in Fig. 143. 
Experimental heat flux pro- 
Weight and Performance Analyses 
Jacket weights were calculated from the channel dimension profiles. 
Injector, coolant outlet manifold, and radiation nozzle weights for 
the high contraction chamber were scaled from the low contraction chamber 
weights. The resulting values (pounds) are tabulated below: 
Jacket Injector Manifold Nozzle Total Construction 
Constant Channel 2 24.0 23.6 11.4 41.2 100.2 
Constant Land 2 17.5 23.6 11.4 41.2 93.7 
Constant Land 3 17.0 35.4 12.1 42.5 106.8 
& C  
The results presented in NASA Memorandum EP22/Mll-74 were used to estimate 
the performance advantage of the longer nozzle used with the high contrac- 
tion ratio chamber. The increment was 0 . 9  seconds specific impulse. 
7.4 COMPARISONS 
Differences in weights and interface pressures were converted to effective 
specific impulse using the following OMS sensitivity data furnished by 
the NASA Program Manager 
-4 lb system inert wt/psi interface pressure (oxidizer and fuel) 
3 lb system inert wt/sec engine specific impulse 
75 lb system wet wt/sec engine specific impulse 
The results are summarized in Table45with comparisons made both on the 
basis of OMS wet weight and OMS inert weight. The chambers having 
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Figure 143a.. Heat Flux Profile For 8-inch Diameter Chamber 
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Figure 14%. Heat Flux P r o f i l e  For 10-Inch Diameter Chamber 
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8 6 0 
constant width lands are superior to the chamber having constant 
width channels on either basis. The low contraction ratio chamber 
is significantly superior (3.2 sec) on the basis of inert weight. 
Comparison based on OMS wet weight put more emphasis on performance 
so the longer nozzle of the high contraction chamber gives it a 
slight advantage (0 .7 sec) . 
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APPENDIX A 
THRUST CHAMBER TEST FACILITIES 
were t Uncooled and regeneratively cooled thrust chamber ted during 
the course of the program at Rocketdyne and NASA White Sands test 
facilities. 
tory facilities were used at Rocketdyne. 
for the tests at NASA/WSTF'. 
The Propulsion Research Area and Component Test Labora- 
Altitude Cell 401 was used 
UNCOOLED CHAMBER TEST FACILITY 
Victor Test Stand in the Propulsion Research Area was used to test the 8- 
and 10-inch diameter thrust chambers. 
similar for testing both chambers. 
schematic of the feed system is shown in Fig. 145. 
from pressurized tanks having maximum pressure capabilities of 2500 and 1500 
psig, respectively. The propellants passed through 40filtersbefore enter- 
ing the engine valves. No attempt was made to simulate ONE valve operation 
or duct volumes.other than to assure that an oxidizer lead of approximately 
looms occurred. 
and were sequenced to purge the engine immediately at cutoff. 
The oxidizer flowed to the engine at ambient temperature while the MMH 
was batch heated in quantities required for a single firing through the 
use of a 4.5 gallon heat exchanger located upstream of the main fuel 
valve. 
provided a limited temperature heat source for the fuel. 
heated by an 18 kilowatt Chromalox heater. 
water was used to cool the tank between tests for personnel safety. 
The facility configurations were 
The facility is shown in Fig. 144- A 
NTO and MMH were supplied 
GN2 purges were supplied downstream of the engine valves 
In this heater the water flowed in stainless steel tubing and 
The water was 
An alternate supply of cold 
Instrumentation 
Facility instrumentation is shown in the schematic. 
tion was provided to measure pressures and temperatures. 
Engine instpumenta- 
Three type 614A Kistler high frequency response pressure pickups were 
used to monitor chamber pressure. 
pressure was measured using two Taber type transducers with sensing 
ports located in the acoustic cavities. 
were used to measure the fuel and oxidizer injection pressures and the 
feed system pressures. 
cavities was measured using tungsten/rhenium thermocouples. Thrust 
chamber wall temperatures were measured with chromel/alumel thermo- 
The steady-state value of chamber 
These same type transducers 
The temperature of the gas in the acoustic 
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Figure 144. Uncooled Engine in Victor Test Stand at PRA 
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couples. 
constantan thermocouples. 
each propellant flow rate. 
c*. 
(thrust, chamber pressure, and flow rate) is 0.25 percent. 
Propellant feed system temperatures were measured with iron/ 
Two turbine flow meters were used to measure 
Thrust was also measured for computation of 
The estimated precision of each of the critical measurements 
High response data were recorded on tape and oscillograph. 
graph was also used to record the slower responding chamber pressure 
measurements, the flowrates, and the injection pressures. Most data 
except the high speed data were also recorded on a digital tape. 
inking charts were used to provide quick-look data. 
The oscillo- 
-- 
Direct 
REGENERATIVELY COOLED CHAMBER TEST FACILITIES 
The OME demonstrator thrust chamber and the integrated thrust chamber 
were tested at Rocketdyne and NASA/WSTF. 
Tasks V, VIII, and XII. 
These tests were part of 
Rocketdyne Test Facility for Demonstrator Chamber 
Cell 29-B of Rocketdyne's Component Test Laboratory IV was the test site 
for initial tests on the demonstrator thrust chamber. 
Figure 146is a photograph of Rocketdyne's Component Test Laboratory IV. 
The engine is shown installed in this facility in Fig.147. 
system arrangements were used for the engine in this facility. One of 
the configurations shown in Fig.148 was used to provide a bypass cooling 
system in which coolant flowed through the regenerative jacket and was 
dumped into a catch tank. A separate feed system (from the same propell- 
lant tank) provided fuel for the injector. The fuel in this system was 
heated in a hot water heat exchanger to simulate the temperature of the 
propellant leaving the regeneratively cooled jacket. Oxidizer flow to 
the'engine was controlled by regulating the oxidizer tank pressure to a 
predetermined value dependent upon the system and engine hydraulic 
resistance. The coolant flowrate and pressure levels were adjusted by 
the use of appropriately sized fixed orifices at the inlet and exit to 
the thrust chamber cooling jacket. 
obtained from a branch (tee) in this line and the flowrate was adjusted 
by a variable area throttling servo-controlled valve. 
fuel feed system and the oxidizer feed system contained dual flowmeters 
for measurement of propellant flowrates while a single flowmeter was 
used in the thrust chamber bypass cooling system. 
flow was taken from the injector feed system and controlled and measured 
by means of a calibrated orifice, Gaseous nitrogen purges were supplied 
at the engine for all feed systems and a water flush was provided at the 
injector interface. 
test series to permit safe inspection of the thrust chamber and injector. 
Two feed 
Fuel flow for the injector was 
The injector 
Boundary layer coolant 
Purges were operated manually at the end of each 
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Figure 148 Facility And Instrumentation Schematic 
For Bypass Cooling 
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After the first checkout tests, the feed system was replumbed to the 
configuration shown in Fig.149, in which coolant exiting the regenera- 
tive jacket was ducted directly into the injector manifold. The servo 
valve was used to control the fuel flowrate. The oxidizer and fuel 
tanks were each rated at 665 psig and had capacities of 1600 and 1200 
gallons, respectively. Several hundred seconds of operation at OME 
conditions were, therefore, possible with these propellant tanks. 
The CTL-IV altitude facility in which the engine was tested is shown 
schematically in Fig.150. 
16-foot diameter altitude capsule and fired into a water cooled diffuser 
duct. The capsule is 31 feet long with hemispherical ends, one of which 
is roller mounted to provide access to the engine. 
driven ejector was initially fired t o  reduce the pressure in the altitude 
capsule with the 42-inch flapper valve closed. 
the valve was opened by a pneumatic actuator and the engine exhaust main- 
tained the capsule at the low pressure. A simulated altitude of 75,000 
feet (0.5 psia) is attainable with this configuration. At engine shut- 
down, the 42-inch vlave was closed to minimize blowback into the 
altitude capsule. 
The engine was mounted horizontally in the 
A gas generator 
When the engine ignited, 
The ejector was run continuously during the test and was shut down after 
engine shutoff. When the ejector was shut down, the isolation valve was 
closed and the capsule slowly brought up to pressure by bleeding in 
external air through the 6-inch vent valve. 
for the ejector has sufficient propellants to provide for 45 minutes of 
operation. 
The gas generator system 
Thrust was measured by a single axis dual bridge load cell so that two 
thrust readings were obtained. Two independent flow measurements were 
made for each propellant entering the injector and a single flow measure- 
ment was made of the fuel coolant when the configuration was plumbed for 
bypass operation. 
The testing at CTL-IV was initiated by preparing the engine test stand 
for operation by bringing the propellant tanks up to the required run 
pressure and assuring that the engine stand and the engine data acquisi- 
tion systems were in readiness for the test. 
system was started and brought up to full operation. 
altitude capsule isolation valve was opened to permit the hyperflow 
action to pump down the altitude cell to the run pressure (0.S psia). 
The hyperflow gas generator 
At this time the 
Throughout the entire program, the engine valves were individually 
activated from a sequence timer so that signals to the valves could be 
controlled independently. 
R-9686 
A- 8 
I 
- 1 -  * 
CL 
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Regeneratively Cooled Engine With BLC 
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During the bypass cooled phase of the program, three main propellant 
valves were used: 
1. An oxidizer propellant valve. 
2. 
3 .  
A fuel propellant valve for controlling fuel flow to 
the injector. 
A fuel valve for controlling fuel flow to the 
thrust chamber coolant jacket. 
Test firing was initiated by opening the fuel coolant’ valve approximately 
2 seconds prior to hot fire. 
by an automatic shutdown system so that if no coolant flow was observed, 
the propellant valves would not receive a signal to open. 
time period allowed ample time for the coolant flow to establish and for 
manual observation of the flow on the “quick look” data recording system. 
The main oxidizer valve was then signaled to open and the fuel valve was 
signaled to open from 100 to 300 milliseconds later. 
delay assured that oxidizer would reach the injector prior to the fuel 
to assure an oxidizer-rich start and, thus, more nearly simulate an 
actual engine start sequence. The tests were automatically terminated 
after the predetermined duration by removing electrical power from the 
propellant valves. The oxidizer valve closed first and the fuel valve 
then closed within 100 milliseconds and the fuel coolant valve closed 
about 1 second later. This shutdown sequence assured that the thrust 
chamber coolant passages would be full of fuel during the shutdown tran- 
sient to eliminate a possible hazard to the chamber. There was no post- 
test purge. 
the variation dependent upon the tank pressure changes required and 
whether any difficulties were encountered making these changes. 
The coolant outlet pressure was monitored 
The 2 second 
This fuel valve 
The time required for each test was about 3 to 4 minutes, 
The opening and closing sequence o f  the propellant valves was varied 
somewhat during the program to determine the effect of different oxidizer 
leads into the engine. The shortest oxidizer lead, as determined from 
review of the oxidizer injection pressure trace on the oscillogram, was 
less than 50 milliseconds, while the longest oxidizer lead was several 
hundred milliseconds. No significant difference in the engine ignition 
characteristics was observed with these different start transients. 
. 
Upon completion of the test series, the engine propellant manifolds were 
purged with GN2 in order to clear the propellants from the engine for 
the posttest engine inspection. 
the duct isolation valve was closed and the hyperflow gas generator was 
shut down. The altitude cell was returned to ambient pressure by open- 
ing a valve which allowed external air to bleed into the cell. After 
the cell was at ambient pressure and the cell door opened, additional 
engine purges were used to clear residual propellants from the engine. 
When the engine was sufficiently purged, 
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The test sequence for regeneratively cooled operation was essentially 
the same except that there were only two propellant valves. The fuel 
was opened about 200 milliseconds prior to the oxidizer valve. 
the additional distance traveled by the fuel in going through the 
engine regenerative cooling jacket, this resulted in a nominal oxidizer 
lead of about 200 milliseconds. There were no variations in the start 
sequence. 
White Sands Test Facility Configuration for Demonstrator Chamber 
The demonstrator thrust chamber assembly was also tested at Cell 401 of 
the NASA White Sands Test Facility at Las Cruces, New Mexico. 
lation is shown schematically in Fig.151, and is similar to the setup 
used at CTL-IV. Figure 152is a photograph of the installation in the 
Shite Sands Test Facility. 
conditions were 40 psi for the oxidizer side, and 35 psi for the fuel 
side, Propellant tank capacities were 2000 gallons for both the fuel 
and oxidizer. 
oxidizer fuel sides, 
a pressure of approximately 0.1 psia, and then a gas generator-driven 
ejector system pumped the capsule down to a pressure of 0.06 to 0.07 
psia, equivalent to an altitude in excess of 100,000 feet. 
Thrust measurements were made using a multi-axis measuring system with 
three axial dual bridge load cells for recording the main thrust. 
mentation was similar to that used at Rocketdyne's CTL-IV, except that 
accelerometers were used to monitor the stability of the engine. 
With 
-- 
The instal- 
Facility pressure drops under rated flow 
Propellant tank pressures were limited to 372 psia on the 
The altitude system was initially pumped down to 
Instru- 
The test operation at WSTF was initiated with a vacuum pump evacuation 
of test stand 401. This operation was performed about 2-3 hours prior 
to the actual test operation. 
operation by bringing the propellant tanks up to the required run pressure 
and-assuring that the engine stand and the engine instrumentation were 
in readiness for the test. 
for testing, the hyperflow gas generator system was started and brought 
up to full operation. At this time the altitude capsule isolation valve 
was opened to permit the hyperflow action to pump down the altitude cell 
to the final run pressure. 
The cell pressure was continuously monitored and when it reached 0.1 
psia, engine test activity commenced, 
equals zero, was activation of the "fire switch". 
electrical signal was simultaneously applied to both fuel and oxidizer 
main propellant valves. 
The engine test stand was then readied for 
With this assurance that the engine was ready 
The first event, at sequence time 
At this time the 
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The tests were automatically terminated after the predetermined duration 
by simultaneously removing power from the main propellant valves. 
oxidizer valve closed first and the fuel valve then closed within 40 
milliseconds as shown in Fig. 153 .  
the thrust chamber coolant passages would be full of fuel during the 
shutdown transient to eliminate a possible hazard to the chamber. 
The 
This shutdown sequence assured that 
Following each test, the engine was purged with gaseous nitrogen. 
5 seconds after shutdown, the oxidizer side purge was turned on to 
empty the oxidizer side of the injector. 
side purge was activated to clear residual fuel from the thrust chamber 
coolant passages and from the injector manifold. 
were alternately cycled on and off at 5-second intervals until no pro- 
pellant vapors could be seen, usually about 20 to 25 seconds after test 
shutdown. During this purge cycle, the propellant tank pressures were 
reset to the predetermined levels for the next test. The time required 
for each test was between 30 and 120 seconds, the variation generally 
dependent upon the magnitude of the tank pressure change. 
the last test of a sequence, the engine was purged as before. 
completion of the purge, the altitude cell isolation valve was closed 
and the hyperflow steam generator system shut down. The altitude cell 
pressure was then returned to ambient by bleeding in gaseous nitrogen. 
At 
Then 5 seconds later, the fuel 
Then the two purges 
Following 
On 
White Sands Facility Configuration for Phase I Tests on Integrated 
Chamber 
The same test cell used for the demonstration chamber was used to test 
the integrated chamber. Instrumentation and feed system configurations 
were also similar. However, since boundary layer coolant was supplied 
by the injector and the transfer of fuel from the coolant jacket to the 
injector was internal to the thrust chamber, only one fuel feed line 
and associated instrumentation was required. 
The installation of the integrated chamber in Cell 401 of WSTF is shown 
in Fig.154 Testing with the steel high area ratio (72:l) nozzle 
required bleeding external air onto the nozzle between tests to prevent 
overheating. 
used to terminate tests if the temperature exceeded 1500F. 
Additional nozzle temperature data was also recorded and 
White Sands Facility Configuration for Phase I1 Tests on Integrated 
Chamber 
The primary purpose of the Phase I1 tests was to investigate OME start, 
shutdown, and restart transients. The propellant feed system was, there- 
fore, reconfigured to simulate the Space Shuttle Orbiter feed system. 
Details of the plumbing are shown in FigJ.55 and156. Figure157 is  a 
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simplified schematic of the system. Fuel (MMH) and oxidizer (NTO) was 
stored and conditioned in 2000 gallon propellant tanks external to the 
vacuum cell. The propellant was pumped from the external tanks to the 
two 60 gallon tanks inside the vacuum cell simulating the OMS tankage 
exits. 
interface were configured so as to simulate OMS ducting. 
was located in each propellant feedline between the tanks and the engine 
interface. 
internal and external fuel tanks. 
Line sizes and lengths from the propellant tanks to the OME 
A flow meter 
A common pressure source was used to pressurize both the 
The fuel sides of two LM descent engine valves were used as the engine 
propellant control valves. Fuel valves were used for both fuel and 
oxidizer sides because these valves contained the actuators and the 
position indicator. Each valve was series and parallel redundant includ- 
ing upstream isolation valves and downstream shutoff valves. 
were measured on one of the isolation valves and one of the shutoff 
valves for each propellant. 
slight positive drain into the engine inlets in an attempt to simulate 
the depletion which would occur after shutdown under zero 'g' conditions. 
The ducting between the valves and the engines was configured to simulate 
typical line volumes and sizes for the flight Om. 
Provisions for GN2 purges were made downstream of the valves. .Provision 
for an isopropyl alcohol flush was also made downstream of the fuel 
valve. 
regen/radiation nozzle interface. 
purge of the radiation nozzle was provided to cool the nozzle after 
testing . 
Positions 
The valves were located so as to provide a 
A water spray ring was provided at the radiation side of the 
Finally, a high volume air cooling 
R-9686 
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APPENDIX B 
OME PERFORMANCE DATA REDUCTION 
Measurement 
1. Thrust 
2.  Injector end chamber pressure 
3. Oxidizer flowrate 
4. Total fuel flowrate 
5 .  Fuel injection manifold temperature 
6. Ambient pressure (exit) 
7. Throat area 
8. Expansion area ratio 
9. Oxidizer injection pressure 
10. Fuel injection pressure 
11. BLC orifice downstream pressure 
12. BLC orifice diameter 
13. Fuel specific gravity 
. 
PROCEDURE 
1. Compute boundary layer flowrate (WBLc) 
d p F  ('FI - 'BLC) WBLc = 2.9 x DZ x 
2. Compute total propellant flowrate (WT) 
WT = w + WF 
0 
3.  Compute boundary layer coolant fraction (BLC) 
WT 
4. Compute mixture ratio (MR) 
0 
w 
M R =  - 
WF 
R- 9686 
B- 1 
Symbol 
F 
PC 
WO 
WF 
*F 
'a 
At 
€ 
'F I 
D 
'BLC 
pF 
Units 
lb 
psia 
lb/sec 
lb/sec 
F 
psia 
2 in 
psia 
psia 
psia 
in. 
5. Compute nozzle stagnation pressure (P ) NS 
PNS = 0.95 x Pc 
6. Compute characteristic velocity (C*) 
At 32.174 x PNs c* = 
7. Compute site thrust coefficient (CF 
- F - 
‘F SITE PNs At 
F VAC’ 8 .  Compute vacuum thrust coefficient (C ‘ ’a
’NS 
+ -  - ‘F VAC - ‘F SITE 
9. Compute expected vacuum thrust coefficient (CFvE) 
= 1.360 x [l + 0.06 x BLC] + [(MR - 1.65) x 0.0211 for € = ’ 3  
= 1.519 x [l + 0.14 x BLC] + [(MI - 1.65) x 0.0571 for E =  9 
C~~~ 
‘FVE 
CFVE = 1.783 x [l + 0.23 x BLC] + [(MR - 1.65) x 0.121 for € =  72 
10. Compute CF correlation (K) 
‘F VAC K =  
‘FVE 
11. Adjust thrust coefficient to nominal € 
= 1.311 x CF vAc [l - 0.06 x BLC) for E =  3 ‘F VAC 
G = 72 
= 1.1738 x CF vAc [1 - 0.14 x BLC] for 6 = 9 ‘F VAC 
€.= 72 
- [l - 0.23 x BLC] for e =  72 ‘F VAC - ‘F VAC 
6 =  72 
R-9686 
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- 
VAC) 12. Compute vacuum thrust (F 
= F + E  x At x P FVAC a 
13. Find stratification C* loss (AC*BLc) from table of dC*,,, vs blc, 
mr at blc = BLC 
mr = MR 
14. Compute C* adjusted for BLC (C*M) 
= C* - A c * ~ ~ ~  C*UMR 
) from table of AIs BLC Find stratification specific impulse loss (AIs  BLC 15. 
vs blc, mr at blc = BLC 
mr = MR 
16. Compute vacuum specific impulse (I ) at test MR, BLC sl 
+ 
‘F VAC ‘*UMR 
- E =  72 
‘Is BLC 32.174 Is1 - 
17. Find theoretical Is (Is TH) from table of Is TH vs 
mr, P at mr = MR 
P = PNS 
18. Compute specific impulse efficiency (71~) for test 
T 
sl 
Is TH 
1 71 = 
S 
R-9686 
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19. Conipute test vacuum s p e c i f i c  impulse ( I  ) 
s VT 
- '* 'F VAC 
32.174 Is VT 
20. Find TDK s p e c i f i c  impulse (Is TDK) 
from tab le  of Is TDK vs m r ,  P at m r  = MR 
P = PNS 
ER) 21. Compute energy release e f f i c i e n c y  (3 
Is VT + 58/fiT 
x 100 f o r  6 =  9 
Is TDK 
Is vT + 127/iT 
Is TDK 
'ER = 
x 100 fo r  e =  72 - 'ER - 
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APPENDIX C 
THERMAL FATIGUE ANALYSIS 
The model used t o  ca l cu la t e  stress and s t r a i n  is shown i n  Fig. 158. 
A p l a in  s t r a in  s ta te  of stress was assumed. A three-element f i n i t e  
element model was used (Elements B, L ,  W ) .  Only thermal loading was 
analyzed because, f o r  t h i s  case, pressure loading combined with thermal 
loading is  predicted t o  give smaller s t r a i n s  than thermal load alone. 
Since thermal load can e x i s t  alone f o r  a shor t  period after cut of f ,  
t h i s  i s  a real is t ic  case. 
The fundamental equation used was: 
E + e  = G a  m a! 
where 
Em = mechanical s t r a i n  f o r  an element 
Ea! = a A T  for an element 
“a = apparent s t r a i n  f o r  t h e  model 
Because t h e  s t r a i n  i s  i n  t h e  i n e l a s t i c  range, t h e  procedure was i t e r a t i v e  
i n  t h a t  t r i a l  values of ea were selected.  
stress i n  t h e  elements. Element t o t a l  forces  were then summed. If t h e  
element fo rce  summation equaled zero, the  co r rec t  value of Ca had been used. 
If stress was e l a s t i c ,  t h e  value was found by using E .  If stress was 
p l a s t i c ,  a stress versus s t r a i n  diagram was used t o  determine s t r e s s .  
Gm - Ca -aAT was used t o  determine 
Table 46 
chamber. 
is  a sample of t h e  ca lcu la t ions  f o r  one s t a t i o n  i n  t h e  th rus t  
The following de f in i t i ons  w i l l  be he lpfu l  i n  following t h e  
R-9686 
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ca lcu la t ions :  
GA = a x i a l  mechanical s t r a i n  
= a x i a l  apparent s t r a i n  
= 
€T = t a g e n t i a l  mechanical s t r a i n  
(iaT = t angent ia l  apparent s t r a i n  
€aT - CQLTwg = 
e f fec t ive  s t r a i n  a t  t h e  hot gas face  'e 
Nf = cycles  read from fa t igue  da ta  p l o t  using €e 
%A 
%A- cu ATwg peak mechanical a x i a l  s t r a i n  a t  t h e  hot gas face 
peak tangent ia l  s r a i n  a t  t h e  hot gas face 
= 
The f a t igue  da ta  t h a t  was used t o  convert €,to cycles was calculated using 
the  universal  s lopes equation. 
and 1000 F. 
70 F and 1000 F l i nes .  
expected as typ ica l  f a t igue  tes t  r e s u l t s .  
Nf f 4. 
negl ig ib le .  
Figure 159 i s  a p l o t  of  t h i s  da t a  a t  70 F 
Nf was read from t h e  p l o t  approximately half-way between t h e  
This f a t igue  da ta  p l o t  represents  w h a t  would be 
Design l i f e  was ca lcu la ted  as ' 
This means t h a t  s t r a i n  ra te  and hold time effects were assumed 
Several references have been used t o  study the  v a l i d i t y  of t h e  f a t igue  
da ta  used and t h e  assumption t h a t  s t r a i n  rate and hold time e f f e c t s  a r e  
negl ig ib le .  
The 800 
maximum hot gas wall temperature is  approximately 750 F. 
The da ta  from two of t h e  references are p lo t t ed  on Fig.159.. 
F da t a  i s  the  most appl icable  da ta  f o r  t h i s  case s ince  t h e  OME 
This  da ta  shows t h e  univeral  s lopes p l o t  of Fig. 159 t o  be s l i g h t l y  con- 
servat ive.  The 1 percent strain da ta  i n  NASA TND-1574 ind ica t e s  t h a t  a t  
750 F t he re  would be neg l ig ib l e  hold time e f f ec t .  
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* v c I d 
STA. 19 X = -1.8577 
CALCULATE €T : eaT = .0016 
T = 685 F a A T  = .0059 A T  = 615 F 
wg 
- 7  
AREA A T  a A T  cT U 
O F  IN./IN. - eaT - a A T  PSI 2 
AREA 
IN. 
6 
.0017 462 .00585 -. 00425 - 26,000 Aw 
AB .0017 84 .OOi)55 + .00105 -27,200 
CALCULATE Ce : 
= 1.155 J.r” e e + e * + € T  
= .0086 “e 
Nf = 5200 R-9686 
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